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ABSTRACT.
Eleven tropolones - six closely related - have been 
prepared, as well as three 2-aminotropones and 2-mercaptotropone.
Thirty eight metal complexes, many of which have not been reported 
previously, have been prepared with these ligands. The mass spectra 
of these compounds have been analysed and the results are presented 
in appendices 1 and 2, while the results obtained from the 
infrared and ultraviolet spectra are presented in appendix 3 *
Only one paper has been published previously concerning 
the mass spectra of simple tropolones and related compounds; 
this was published in 1963* No carboxy tropolones or metal 
tropolonates were examined and the conclusions reached in that paper 
concerning the initial breakdown of tropolones have been found to 
be invalid for these compounds. The spectra of these compounds 
are compared in this work with the reported spectra of the corresponding 
aromatic derivatives.
The mass spectra of the complexes have been considered in 
terms of the properties of the metal atom, and in particular 
the charge residing on the metal.
Although most of the complexes prepared were transition 
metal complexes, in which the metal atom has a variable valency, 
certain other complexes have been prepared and used for comparison.
These include the thorium (IV), zinc (II), aluminium (III) and 
beryllium (II) complexes. The mass spectra obtained with the beryllium 
complexes were particularly detailed, and in many respects they 
were unlike any other spectrum obtained.
A series of vanadyl complexes has been prepared and their
V=0 stretching frequencies are compared with ■those of similar vanadyl 
complexes. The mass spectra of these complexes indicate that 
rearrangements involving the vanadyl oxygen atom are common.
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Chapter
a. Historical
Purpurogallin, a tropolone, was first prepared in 1869
by the oxidation of pyrogallol1 . This compound was investigated
thoroughly but no satisfactory structure was advanced until after 
2
Dewar (19^5) postulated the stability and aromatic character of
the 2-hydroxy cycloheptatrienone ring system, for which he proposed
the name "tropolone”. This theory, he suggested, would explain
the confusing data collected on such natural products as stipitatic
acid and colchicine. In 1948 it was realised that .this theory
could also explain the still-unsolved structure of purpurogallin.
4
In 1950 purpurogallin was synthesised by an alternative process, 
by which the structure was proven.
5 6 7It was in the same year that three teams of workers 
independently Synthesised tropolone, the parent compound, and by 
this time the trivial name had been adopted by unspoken consent, 
it being particularly convenient. By this time, also, many workers 
were becoming interested in this class of compounds. The popularity 
was in great part due to the then-current interest in non-benzenoid 
aromatic compounds, blit it quickly became obvious that tropolone 
was a particularly important compound due to the comparisons 
possible with such compounds as acetylacetone, phenol and 
cyclopentadiene. For a number of years the chemistry - both 
organic and inorganic - of these compounds has beeh studied 
intensively.
In 1955 a 100-page review appeared in "Chemical ‘ 1
o
Reviews". This covered only the preparative chemistry and the 
organic reactions of tropolones known to that datej the inorganic 
complex chemistry of tropolones was only treated sketchily. This 
review even today remains the textbook of tropolone chemistry,
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although more viable methods of preparing both tropone and tropolone 
have since been reported, along with much information on the 
inorganic and physical chemistry of these compounds.
b. Nomenclature and structure.
The structure of the parent compound, tropolone, is 
shown in figure 1-1. Its systematic name is 2-hydroxy, 2,4,6- 
cycloheptatrien-l-one, but its trivial name has been in constant 
and widespread use since 1945# and "Chemical Abstracts" still 
recognises the parent compound as tropolone. The carbon atoms are 
numbered from the ketonic group in an anticlockwise direction 
round the ring. Substituents can therefore be introduced into the 
3*4,5*6, or 7 positions.
As has been stated previously, tropolones have aromatic 
character. The tropylium ion (figure 1-2) is aromatic because one
Q
of its seven electrons has been removed. Hiickel (1938) postulated 
that aromatic character depended on the presence of (4n + 2) 
electrons in the tt-orbitals of the ring, where n is a whole number. 
The tropylium ion satisfies this condition.
Tropone also satisfies this condition, an electron 
being lost to the n-system of the ketone group. Tropolone shows the 
same effect, although since the compound exists in two tautomeric 
forms there is no* formal ketone group, both C-0 bonds being 
equivalent, as X-ray crystallographic work, infrared spectra, and 
the lack of the chemical properties of ketones show. The X-ray 
data have also shown that the G-C bonds are equivalent and 1.4oS 
long, and the ring is very nearly, although not quite, planar.
c. The organic chemistry of tropolone.
The similarity of tropolone to phenol is particularly 
marked when comparing the organic chemistry of the two compounds.
The ortho positions of the phenol ring correspond both in position 
and reactivity to the J- and 7“Positions on the tropolone ring. 
Similarly the 5“Position in tropolone corresponds to the para 
position in phenol, while the 4- and 6-positions are unreactive, 
analogously to the meta positions on the phenol ring. The two 
compounds therefore react similarly with electrophilic reagents, 
although tropolone tends to become di-substituted rather than 
tri-substituted with, for example, bromine.
Other reactions in which the two compounds react similarly 
are diazotisation (the 5~Position), nitrosation (5-position 
preferably), nitration (mono or di-substitution, 5”*position 
preferably), and the Claisen reaction. Halogenation in tropolones 
takes place at the >■ .or 7-Position preferentially, followed by the 
5-position.
A series of reactions provides a contrast between these 
compounds, however. Sulphonation using sulphuric acid is not 
possible with tropolones as it forms a conjugate acid, although 
the reaction may be carried out using sulphamic acid. For the same 
reason addition of sulphuric acid slows the nitration of tropolone 
whereas it increases the rate of reaction of phenol. The Friedel- 
Crafts reaction is also impossible with tropolone.
Apart from the substitution reactions there are ring 
cleavage reactions. The tropolone ring is quite stable and 
purpurogallin is a particularly good example. On reaction with hot 
aqueous hydrogen peroxide the benzene ring cleaves preferentially. 
Some breakdown of the tropolone. rings does occur., but chromic acid
cleaves the ring more extensively.
Reduction of the tropolone ring using palladium as a 
catalyst is not possible, but tropolones are reduced using Raney 
Nickel,
On fusing a tropolone with potassium hydroxide a benzoate 
is formed by rearrangement. The substituents on the ring retain 
their relative positions, and so this reaction is widely used to 
characterise tropolones.
No method has been reported to date for substituting
directly into the 4- or 6-position of the tropolone ring. The
normal method used to introduce such a group is to prepare the
10corresponding 3 "Substituted cycloheptanone ’and dehydrogenate the 
ring, or by preparing the relevant purpurogallin and reacting it as 
in the preparation of 4-methyl tropolone.
d. Tropolone as an acid.
Tropolone is a weak acid, stronger than phenol and 
acetylacetone, but weaker than acetic acid and benzoic acid* 
Tropolone ligands are more strongly bound to metals than are 
acetylacetonates of comparable acidity. This is caused by electron 
delocalisation in the tropolone chelate ring, the need for 
acetylacetones to enolise to produce an acidic proton, and the 
bulkiness of acetylacetones compared with tropolones. These effects 
lead to lower stability in the complex, as is evidenced by the 
easy breakdown of acetylacetonates in dilute mineral acids, in 
which tropolonates are inert.
-13-
LIGAND £K
Tropolone 6.978
4-methyl tropolone 7.268
acetylacetone 8.811
phenol 10.08
acetic acid
CO00•
benzoic acid
COCVJ•
table 1-1 Relative acidities of ligands analogous to tropolone♦
e. Tropolones a sligands,
Tropolone has been studied very extensively as a ligand,
but only the copper and iron (III) complexes of 4-methyl tropolone
have been prepared, and these only as derivatives for characterisation
purposes, or for purification of the ligand. This is due to the
comparative difficulty of preparing 4-methyl tropolone. M.L.
12
Post prepared the aluminium (III), chromium (III), manganese (II) 
and ferric complexes of this ligand and reported their infrared 
and ultraviolet spectra. Apart from this work the existence of
13 14
complexes with other metals has been observed during stability ,
15dissociation, and formation constant ^ work. These were not isolated
except by accident. No spectra have been reported for these complexes.
The compound, 3 “Phenyl tropolone, has been treated
similarly, but no stability constant work has been reported with
this ligand. This is probably because the ligand does not occur
naturally and as it is “ : r difficult to prepare it has not been
16
studied extensively. The only complexes reported were again 
isolated solely as derivatives and no mention was made of their
spectroscopic properties.
All tropolonates, including those of the alkaline earth
17and the alkali metals, are coloured, This is due to the presence 
of a low-lying excited state in which charge transfer can take 
place from the ligand to the metal. Complexes such as the cerium 
(IV) and lead (IV) complexes are intensely coloured due to this 
effect.
Tropolonates are much more stable than acetylacetonates
1^ 5 l8
of a comparable acidity, as was shown by work on the formation
constants of tropolonates and 4-methyl tropolonates. The order of
IIstability of those complexes of the form M T^, however, is the
same as has been found for ethylene diamine, ammonia, and many 
18p-diketones, viz:-
VO > Cu > Be > Pb > (Zn, Ni) > Co > %  > Ca
Acetylacetonates are normally bulkier than the correspond'
ing tropolones. This is due to the planar compact nature of the
tropolone ring, which causes rigidity in the ligand, deformation
occurring in some crystal structures as a result. A typical example
19of this is ferric tropolonate.
For further comparisons between acetylacetonates and 
tropolonates see the chapters dealing with the mass spectrometric 
results. The chemistry of tropolonates is covered in more detail 
in references 8, 12, 14, 15, 17-34.
f. Aminotroponates and mercaptotroponates.
Although the use of 2-mercaptotropone or the 2-amino- 
troponeimines as a ligand has been reported quite often, the use 
of 2-arainotropone and its substituted derivatives has not. The
copper complex of 2-aminotropone has been prepared and isolated
as a derivative to characterise the ligand, but no spectrometric 
results were published for this complex. This is particularly 
surprising since aminotroponethione has been studied (figure 4,
X=S, Y=NH) as have other ligands where X and Y = S, and X and Y 
« NH. One reason for this omission is that the preparation of 
2-aminotropone is not incidental to the preparation of tropolone. 
Aminotroponethione was prepared by a modification of the method 
used to prepare aminotroponeimine.
Another reason for the lack of data on aminotroponates 
lies in the difficulty with which the complexes are prepared.
This is discussed in the chapter entitled "Discussion of 
Preparative Work". Nevertheless, the interest inherent in a 
compound of this general type would be expected to attract more 
attention. The physical properties of the complexes prepared are 
discussed in the relevant sections.
g. Previous Mass Spectral Work.
The first organic compounds analysed mass spectroscopically 
were volatile liquids or gases, rigorously purified to avoid 
contamination of the mass spectrometer. These precautions were 
gradually reduced until unknown compounds were being introduced 
to determine the structure of the molecule. Only comparatively 
recently have workers introduced metal complexes into the mass 
spectrometer, due to the fear of coating the inner surfaces of
the machine with a metallic film.
. 40
In 1963, Dj eras si and co-workers reported the initial
breakdown patterns of some simple tropolones as part of a more
general study of the behaviour of organic compounds in the mass
spectrometer. Although the spectra of compounds such as tropolone,
4-methyl tropolone and 5“phenyl tropolone were reported no complexes
were studied, and neither were any carboxy compounds.
A paper on the mass spectra of metal acetylacetonates 
4l
was published in 1966 . The importance of this paper lay in the
explanation of the breakdown steps In terms of the variable
oxidation states of transition metals. Acetylacetonates being
quite closely related to tropolonates, the results reported have
42
been used for comparison throughout this thesis. Bancroft et al
measured some appearance potentials with tris acetylacetonates in
431968. This was extended to dibenzoylmethane complexes, and high
44
resolution work was published in 1969 , mostly confirming the
1966 work. Most recently, in 1972^, work on some tropolone methyl 
ethers was discussed with relation to the observed initial loss 
of CHO rather than CO from such compounds. They also found that 
stipitatonic acid (figure 5) decomposed by loss of CO, then CO^.
The latter result is particularly relevant to the present work 
as stipitatonic acid is a carboxylic anhydride, while many 
carboxylic acids have been dealt with here. The work reported in 
this thesis is intended to follow on from this.
Figure 1-1
1 HY
Figure 1”2
HN HNH
Figure 1*\5
HO
HO
Figure 1-4 Figure 1-5
Chapter 2
EXPERIMENTAL SECTION.
a. THE MASS SPECTROMETER.
All spectra were recorded on an A.E.r. MS12 mass 
spectrometer using a probe and a system of vacuum seals for 
insertion of the samples. The operating conditions varied according 
to the requirements of the sample, although all spectra were run 
at fOeV with an acceleration voltage of 8kV. Photographic paper 
was used to record the spectra and an ICL 1905F computer was 
employed to assign metastable peaks. The conditions (source 
pressure and temperature, and inlet temperature) are recorded in 
the adjacent tables.
Introduction of the sample into the mass spectrometer.(figure 2-1).
All the compounds sampled were solid and were therefore 
introduced on a probe through a double set of locks, which provided 
an air seal. The probe was pushed through the first set of locks, 
which were tightened and the air between the locks was pumped 
out. The second set of locks was then opened and the probe was 
pushed fully into the machine so that the sample probe entered the 
ionisation chamber.
During insertion the sample probe was retracted into the 
stainless steel tube. It was then pushed into the ionisation 
chamber by means of the magnet acting on the mild steel follower. 
Before the probe was removed the sample probe was again retracted 
so that the quartz sample tube was in no danger of breaking off and 
fouling the mass spectrometer.
After use the sample tube was roasted to remove the 
sample. This was particularly important after introducing metal 
complexes, which tended to decompose under the conditions used, 
and all contaminants had to be burned away.
At moderately low m/e values metal-containing fragments 
were resolved from organic ions, due to the slightly higher masses 
of the latter. Copper-containing fragments were recognised by the 
formation of two peaks two mass units apart, arising from the two 
isotopes of copper of m/e 63 and 65j these occurred in the 
approximate ratio of 2:1 respectively. Protonation and deprotonation 
of the fragment complicated the picture, particularly in the 3-phenyl 
tropolonate spectrum, but in these cases the peaks were resolvable 
by calculation. Other metals identified by isotopic analysis were 
chromium, iron, nickel and zinc.
The presence of bromine atoms in the fragment also 
disturbed the observed pattern, giving peaks in the following ratios:-
No. of copper atoms No. of Br atoms Pattern
1 0 2:1
1 1 2:3:1
1 2 2:5:4:1
2 2 4:12:13:6:1
2 3 4:16:25:19:7:1
Table 2a.
As the isotopic ratios used were not exact the ratios
quoted in the lower half of the table are only approximate.
Infrared Spectra
All spectra were recorded on a Unicam SP200 spectrometer,
using sodium chloride plates. The region scanned was from 650 cnT1 
-1
to 5*000 cm . With each compound the spectrum was run using both 
nujol and hexachlorobutadiene, and the results were combined 
to give a full spectrum.
Ultraviolet spectra.
All spectra were measured on a Unicam SP 800 machine, 
one centimetre cells being used normally, although ten centimetre 
cells were used in some cases. The wavelength range from 190 mu to 
850 mu was scanned and extinction coefficients were calculated for 
the absorption maxima and minima according to t he formula
"e- J L
cl
where e * the molar extinction coefficient
c .« the molar concentration of the solution 
1 .«■ path length, in centimetres 
A jss absorbance.
The results are presented in Appendix 3* Methanol was 
used as a solvent for the ligands while the complexes were dissolved 
in benzene or toluene.
Nuclear Magnetic Resonance spectra.
The spectra were measured using a. Perkin-Elmer R.10 
spectrometer, using liquid samples in a parallel-walled glass 
tube. All spectra were measured at 60.004 Me/s., using tetramethyl- 
silane as an internal standard.
Magnetic susceptibility measurement.
A solution of nickel 2-aminotroponate (C.0227g.) was 
dissolved in chloroform (100 ml.) and a small amount of tetramethyl- 
silane was added. A sample of the solution was introduced into a 
capillary tube, which was then placed in a standard N.M.R. tube 
containing chloroform, to which had been added a few drops of 
tetramethylsilane. The splitting distance between the two proton 
resonance bands formed by the tetramethylsilane protons was
measured.
b. PREPARATION OF 4-METHYL TROPOLONE. figure 2-2.
Stage 1 Preparation of purpurogallin.
4l
The method outlined by Evans and Dehn was used. Sodium 
iodate monohydrate (32g.) was dissolved in water (400 ml.) and 
added slowly with stirring to a solution of pyrogallol (40g.) in 
the minimum volume of water. The light brown precipitate was 
filtered off, washed with water until the filtrate was colourless,
and dried. Yield 25g. (75%). A sample of the compound was
sublimed before microanalysis.
Stage 2 Preparation of 3-carboxy. 4-carboxymethyl tropolone.
42
The method described by Haworth and Hobson was employed.
Purpurogallin (15g*) was dissolved in 25% sodium hydroxide solution
(I29g. of sodium hydroxide in 790 ml. of water) and the solution
was heated to 90°-95°C. Hydrogen peroxide (37 ml., 100 vol.) was
added dropwise over a period of fifteen minutes with stirring. The
resulting solution was cooled and sodium metabisulphite (8g.) was
added, followed by cold 40/ sulphuric acid (90 ml. concentrated
sulphuric acid and 315g» ice.). Sulphur dioxide was evolved, the
solution was filtered after standing overnight, and the clear,
deep red solution was extracted continuously for two days with ether.
12
The extraction apparatus has been described previously in detail.
Crystals were obtained with a small quantity of a red 
oil by allowing the ether solution to evaporate slowly over a 
period of days. These crystals were separated, washed with ether 
and dried. The unpurified solid was used in stage 3 of the preparation. 
A purified sample was used to obtain a mass spectrum.
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Purification was difficult and although a good mass spectrum was 
obtained the microanalytical result was not satisfactory. This 
was due to the tenacity of the oil* An internal anhydride was, 
however, prepared with the product, thus proving its identity.
The acid was recrystallised first from glacial acetic acid, then 
from ethanol. The resulting solid was ground with ether and 
recrystallised twice from ethanol, the solution being treated 
both times with activated charcoal.
Stage 3 Preparation of 4-methyl tropolone.
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The method used was outlined by Haworth and Hobson .
The crystals obtained in stage 2 were powdered and melted (l80°C.) 
with copious evolution of CO^. Some 4-methyl tropolone was lost 
at this stage and more condensed on the sides of the tube. The 
liquid was allowed to cool and solidify, whereupon it was crushed 
and 4-methyl tropolone was sublimed out of the grey powder so- 
produced; 57$ by weight of the fused product was isolated as 
4-methyl tropolone. The yield was 76$ (calculated from the weight 
of 5”cnrbo3cy 4-carboxymethyl tropolone used), 6$ of the quantity in 
moles of purpurogallin used.
After sublimation the solid 4-methyl tropolone was 
recrystallised from petroleum ether (60°-80°C.) and resublimed.
The final product had a melting point of 76°C.
c. PREPARATION OF 6-CAKBOXY, 4-METHYL TROPOLONE. figure 2-5 
Stage 1 Preparation of 4-carboxy purpurogallin.
This compound was prepared by the method of Crow and
43
Haworth . A slurry of sodium gallate was prepared by adding gallic 
acid (47g.) to a warm solution of sodium bicarbonate (21g.) in
PREPARATION OF 6-CARBOXY, 4-METHYL TROPOLONE
extract + ether
+ y  methanoI
HO'
NalO
HO HO
HO,
HO
acidify,
23% KOH 
90-95°C
11 2°2
then extract •/- EtOEt
H0
HO
(Nitrobenzene, 
180°C, 5 min.)
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250-260°C, 10 mins. 
extract + V  NaOHt acidify.
water (300 ml.) and allowing the mixture to cool. To this slurry 
were added simultaneously solutions of pyrogallol (31g* in 250 
ml. of water) and potassium iodate (54g. in 500 ml. of water) 
drcpwise with constant stirring over a period of 4-5 minutes.
Stirring was continued for 15 minutes to aisure complete reaction, 
after which the solution was acidified with 10N hydrochloric acid 
(25 ml.), allowed to stand overnight, and then filtered.
The filtrate was extracted with a total of 1 litre of 
ether, and the precipitate was extracted with hot methanol (l litre). 
The combined extracts were evaporated and an orange-brown solid 
was obtained by crystallisation. For analysis a sample was 
recrystallised twice from dioxan, but this purity was not required 
for stage two of the preparation. Yield 24g., 71*6$ (unrecrystallised 
sample).
Stage 2 Preparation of 3,6-dicarboxv 4-carboxymethyl tropolone.
4-3The method used by Crow and Haworth was followed but 
the solid obtained was found to consist mainly of 3*6-dicarboxy 
4-methyl tropolone. Since this compound formed 6-oarboxy 4-methyl 
tropolone by the same reaction as.did the required product this 
presented no difficulty. Some of the tricarboxylic acid was 
obtained for mass spectrometric study, as was the dicarboxylic 
acid. The method of preparation was similar to that used to oxidise 
purpurogallin. The product was obtained from a red oil in an 
analogous manner and was reorystallised from glacial acetic acid, 
whereby the less soluble 3# 6-dicarboxy 4-methyl tropolone was 
separated from the tricarboxylic acid. Analysis of the undissolved 
solid: Found:C « 53*6, H - 3*7i Calc, for the dicarboxylic acid:
C » 53*6, H = Yield approximately 6%.
Stage 3 Preparation of 6-carboxy 4-methyl tropolone.
Either product from stage two (3g.) was mixed with
dibutyl phthalate (60 ml.) and heated for ten minutes ah  250°-
270°C. The mixture effervesced at l80°-190°C. No further gas
evolution was noted as the temperature increased. This method was
43
similar to that used by Crow and Haworth , except that copper 
powder was not found necessary.
The solution so-formed was allowed to cool, ether (100 
ml.) was added, and the mixture was filtered. The acid product 
was taken up by dissolving the precipitate and extracting the 
organic phase with 2N sodium hydroxide solution. The product was 
recovered by acidification using 3N sulphuric acid, and removal 
of the solid by filtration.
The aqueous. solution was extracted with methyl ethyl
ketone (3x50 ml.) and the precipitate with dioxan. These solutions
were combined, treated with activated charcoal, filtered, and
evaporated to crystallisation. The yield was 64$ of the recrystallised
product, which was dried at 120°C. at 20 mm. pressure for two hours.
43
A second method of preparation was reported to yield 
3>6-dicarboxy 4-methyl tropolone from the tricarboxylic acid. In 
practice further decarboxylation was observed, leading to the 
mono carboxylic acid. A sample of 3*6-dicarboxy 4-carboxymethyl 
tropolone (lg.) was heated in nitrobenzene (10 ml.) at l80°C. for 
about five minutes until no more gases were evolved. The solution 
was then boiled for a minute. The product was diluted with 
petroleum ether (60°-80°C. fraction, 20 ml.) and filtered. Most 
of the acid was precipitated, filtered off and washed well with 
petroleum ether, dissolved in boiling water, and treated with
activated charcoal. Yield of unrecrystallised material: 0.54g. 
(80$). The melting point was 222°-224°C.
d. PREPARATION OF 3-CAHBOXY 4-METHYL TROPOLONE.
This compound was prepared by the method of Crow et
44
al . The 3"Carboxy 4-carboxymethyl tropolone prepared above (3g.)
was heated with nitrobenzene (27 ml.) at 170°C. until gas evolution
ceased. At this temperature the solid acid just dissolved,
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although almost twice the recommended volume of solvent had 
been used. The reaction mixture was diluted with ether, the solid 
was filtered off, the solution was extracted with sodium 
bicarbonate solution and the precipitate was recrystallised from 
ethanol, using activated charcoal (l portion). Further treatment 
with charcoal resulted in a very low yield.
To the sodium bicarbonate solution was added 3N sulphuric 
acid. The precipitate was filtered off and recrystallised as 
above. The product melted at l85°C. (Literature^ value l86°-l87°C.)
•e. PREPARATION OF 5.6-DICARBOXY 4-METHYL TROPOLONE.
See under ”3,6-dicarboxy, 4-carboxymethyl tropolone".
f. PREPARATION OF TROPOLONE. figure 2-4.
Stage 1. Preparation of cvclopentadiene.
Dicyclopentadiene (500 ml.) was heated to 170°-l80°C. 
in a normal distillation apparatus with a double-surface condenser, 
using an oil bath. The cyplopentadiene was allowed, to distil 
slowly- overnight, and about 300 ml. were collected by this method. 
Stage 2. Preparation of diohloroacetyl chloride.
PREPARATION OF. TROPOLONE
Cyclopentadiene, freshly 
distilled• Six-fold excess,
0°-5°Co,
CtfCi .COCI
n(c2h5)3 
Pet. £tAer (40°-60°C)
x/
(structure supported by
I.R», N.M.R. data)
V
Reflux 5 days
glac. acetic acid
KOH (10% of acet ic acid cone.)
H „0
TROPOLONE
(isolated as copper complex 
by addition of copper 
sulphate and NaHCO. 
to neutralise)*
3
Figure 2-4.
The method used was a modification of a general method
described in ’’Collected Organic Syntheses” . Freshly distilled
thionyl chloride (100 ml.) and diehloroaoetic acid (100 ml.)
were refluxed together overnight. The reaction mixture was
o , o
distilled under vacuum, the fraction boiling between 22 and 24 C. 
at a water pump (approx. 17 mm, pressure) being collected and 
used in stage 3 »
Stage 3« Preparation of the adduct of cyclopentadiene with 
dichloroketene.
This was an adaptation of the method outlined by Stevens
48et al . Cyclopentadiene (400 ml.) was treated with dichloroacetyl 
chloride (30 ml.) and the mixture was cooled to 0°-5°C. in either 
an ice-salt bath or an acetone-”Cardice” bath. In the latter case 
the reaction mixture was allowed to warm slowly with stirring to 
room temperature to complete the reaction. Triethylamine (60 ml.) 
in petroleum ether (60°-80°C.) (50 ml.) was added slowly with 
constant stirring, the temperature being kept below 5°C. to 
avoid decomposition of the dichloroketene which was formed in situ. 
The voluminous off-white precipitate formed during the reaction 
was filtered off and washed well with petroleum ether (60°-80°C.). 
The combined filtrates were distilled on a steam bathj the residues, 
containing the adduct, were collected, while the distillate was 
recycled, assuming that ten percent of the cyclopentadiene had 
reacted. The distillate was therefore reacted as above with 25“
27 ml. of dichloroacetyl chloride and the equivalent amount of 
triethylamine.
The residues obtained were combined and, if required, 
distilled under reduced pressure. Using a water pump (approx.
18 mm. pressure) the adduct distilled between 76° and 80°C.
In practice it was found that the same yield, was obtained in the
next stage of the tropolone preparation, and the mixture
obtained after stage 4 required the same attention in working
it up, regardless of the purity of the adduct used in the reaction.
St^ge 4. Hydrolysis of the adduct to form tropolone.
(!) using the purified adduct.
48
The literature method was followed exactly, but the
yield from 25 ml. of the adduct was only 1.2g. of the copper complex.
/
This compared unfavourably with the literature claim of an overall 
52$ yield of the complex. The adduct used was prepared from 50 g. 
of dichloroacetyl chloride.
(ii) using the unpurified adduct.
By trial and error the best method of hydrolysing the 
adduct was found to be as follows. The adduct prepared from 80 
ml. (120 g.) of dichloroacetyl chloride was dissolved in glacial 
acetic acid (1L.), and to this was added sodium hydroxide (25 g*) 
in water (50 ml.). The whole was refluxed for five days and allowed 
to cool. Copper sulphate (40 g.) in enough water to dissolve the 
salt was added, and the resulting mixture was filtered. Any organic 
layer present was removed using a separating funnel, and the solution 
was partially neutralised by adding with vigorous stirring a cold 
solution of sodium hydroxide (500 g.) in water (about 1L.), ice 
being added to keep the reaction mixture below its boiling point.
The resulting mixture was neutralised with the required amount of 
solid sodium bicarbonate, and filtered. The filtrate was extracted 
repeatedly with chloroform until little colouration in the organic 
phase was observed, while the solid residue was extracted with
boiling chloroform* The chloroform extracts were evaporated to 
dryness and to the residue was added a small amount of methanol.
Ihe undissolved solid was filtered off, washed well with methanol 
and recrystallised from chloroform. These crystals were washed 
with methanol and dried. Overall yield 30~J2 g. of the unpurified 
complex. Yield after purification 25s.
A solution of the copper complex in chloroform was 
treated with hydrogen sulphide. Activated charcoal was then added 
to the solution to coagulate the colloidal sulphide, and the 
solution was filtered as soon as possible after charcoal addition. 
The brown-coloured liquid obtained was evaporated to dryness and 
the solid was recrystallised from petroleum ether (40o~60°C.), 
sublimed, and recrystallised again from the same solvent. The 
overall yield was 88$.
NOTE:- This is a general method for recovering tropolones 
from their copper complexes, but from the aminotroponate a vile­
smelling yellow compound was obtained, probably aminotroponethione.
g. PREPARATION OF 3-PHENYL TROPOLONE.
Stage 1 Preparation of lithium phenyl.
This was prepared by a modification of the method 
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outlined by Wittig . The reaction flask was flushed with argon 
before use. Bromobenzene (14.8 g.) and ether (100 ml.) were placed 
in the flask and lithium metal (1.40 g., cut into small pellets and 
washed with 40°-60°C. petroleum ether) was introduced. The argon 
flow was reduced to a slow trickle as the reaction was initiated 
by stirring the solution. After an induction time of a few 
minutes the reaction proceeded smoothly; when this was complete
the mixture was refluxed for an hour. The solution was then allowed 
to cool.
The liquid was decanted from unreacted lithium into a 
separate flask for the next stage of the reaction.
Stage 2. Preparation of 2-phenyl tropone.
This was prepared according to the method of Doering et 
al^. Copper tropolonate (8 g.) was added slowly with constant 
stirring to lithium phenyl, prepared as above. Heat was evolved 
and ether was added to replace that lost during introduction of the 
solid. After addition of the solid was complete the mixture was 
refluxed with vigorous stirring for JO minutes.
The mixture was poured into a beaker and acidified 
cautiously with 3N sulphuric acid. The mixture was filtered and 
the ether layer was separated. Unreacted copper tropolonate (1*3 g*) 
being insoluble in ether, was recovered from the precipitate 
filtered off. The ethereal solution was washed first with-a 
concentrated aqueous solution of potassium carbonate’, until no 
further effervescence took place, and then with two portions of 
water. The organic layer was separated, dried over anhydrous 
magnesium sulphate, and filtered, and the solvent was evaporated 
off.
The solid was dissolved in chloroform and petroleum 
ether (80°-100°C.) was added. A buff precipitate with a high 
melting point (above 150°C.) was filtered off and the remaining 
solution was crystallised.
Stage 3* Preparation of 5-phenyl aminotrop-2-one.
l6
Ihe method of Nozoe et al was employed. To 2-phenyl 
tropone (1.1 g.) were added methanol (2 ml.) and hydrazine (64$
in water) (l ml.). The mixture was heated on a water bath for a 
few minutes, whereupon the liquid crystallised suddenly. Heating 
was continued for a further minute and the solid was filtered 
off, dried, and recrystallised from benzene. The crystals were 
further recrystallised from ethanol and the yellow needles which 
formed melted at 208°-209°C. Some of the sample was sublimed at
0.02 Torr, and 190°C. The yellow sublimate had a melting point of 
212°-212.5°C. Yield 4-5$. Some 3Wphenyl hydrazinotrop-2-one was 
also formed.
Stage 4. Preparation of 3-phenyl tropolone.
A sample of 3-phenyl aminotrop-2-one (2.2g.) was dissolved 
in ethanol (100 ml.) and refluxed for eight hours with a solution 
of potassium hydroxide (10 g.) in water (30 ml.). Ammonia was 
evolved. The reaction mixture was cooled and acidified with sulphuric 
acid (3N). The aqueous layer was extracted repeatedly with benzene 
until a sample of the aqueous layer produced only the faintest 
deepening of colour with ferric chloride solution.
The solid obtained from the benzene solution was 
recrystallised from a benzene/petroleum ether mixture and finally 
sublimed. The M. Pt. of the sublimate was 115°-ll6°C. Yield 80$.
A sample of 3**phenyl hydrazinotrop-2-one was also so- 
treated but a poor yield (10$) of 3“Phenyl tropolone was obtained.
The melting point of the crystals was ll4°-ll6°C.
h. PREPARATION OF DIAZOMETHANE.
Stage 1. Preparation of toluene 4-sulphonyl methylamide.
The method used was a modification of that in "Organic 
Syntheses" . A lot of difficulty was experienced in introducing
solid toluene 4-sulphonyl chloride into the reaction flask. The 
alkaline fumes caused the crystals to fuse together and harden 
before they could pass through a funnel. Difficulty was also 
experienced in keeping the temperature to the recommended level, 
due to the slow addition of the solid.
A total of 128 g. of toluene 4-sulphonyl chloride was 
split into portions of 76 g., 36 g., and 18 g. A solution of 
sodium hydroxide (28 g.) in water (28 ml.) was prepared. Methylamine 
(84 ml. of 33$ w/v ethanolic solution) was placed in a flask set up 
with a mechanical stirrer, water condenser, and thermometer, and 
to this solution was added the first portion of toluene 4-sulphonyl 
chloride through a wide-necked glass funnel.
When addition of the solid was complete, stirring was 
continued for five minutes with the temperature between 80°-90°C. 
Some of the sodium hydroxide solution (20 ml.) was added, provoking 
a violent reaction, and the second portion of toluene 4-sulphonyl 
chloride was added. This was followed by five minutes of stirring, 
then 10 ml. more of the sodium hydroxide solution were added: the 
remainder of this solution was added after similarly reacting the 
final portion of the solid. The mixture was refluxed with 
vigorous stirring for 30 minutes to complete the reaction, during 
which time methylamine was added until white fumes rose up the 
condenser.
The hot reaction mixture was poured into glacial acetic 
acid (600 ml.) in a 3~L beaker. The reaction flask was rinsed with 
a further 100 ml. of acetic acid, which was added to the beaker. 
Stage 2. Preparation of toluene 4-sulphonyl methyl nitrosamide.
The acetic acid solution prepared above was cooled to
5°C.i and sodium nitrite (49 g.) in water (100 ml.) was added 
dropwise with stirring over a period of 45 minutes, the temperature 
remaining below 10°C. Stirring and cooling were continued for a 
further 25 minutes, and water was then added (500 ml. if 33$ aq. 
methylamine was used in the first stage and about 1500 ml. if 
33$ ethanolic methylamine was used). The solid so-formed (when 
ethanol was present a liquid formed, solidifying on agitation) was 
filtered off and washed with water (250 ml.) until all acetic acid 
had been removed. It was then dried over silica gel in a vacuum 
desiccator overnight. The solid was not recrystallised. Yield 
119 g. (83$.
Stage 3« Purification of ethyl digol.
Ethyl digol was stored in contact with copper powder
until needed. It was then distilled in the presence of copper
powder at atmospheric pressure; the boiling point was 192°-195°0. 
The distillate was used the same day.
Stage 4. Preparation of diazomethane.
The apparatus used for this consisted of a reaction
flask with side-arm, a 36" Liebig condenser, two Erlenmeyer flasks,
glass tubing connecting the flasks and a receiver from the
condenser to the first flask. The method used was as outlined in
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Organic Syntheses" . A magnetic stirrer was used to agitate the 
reaction mixture. No ground-glass joints were used due to the 
danger of explosion and all glass was fire-polished and scratch- 
free. Rubber bungs were used, and a 1-litre beaker was used as a
water bath. The whole was assembled in a fume cupboard behind a
safety screen.
To the reaction flask was added sodium hydroxide (6 g.)
in water (13 ml.), ethyl digol (45 ml., freshly distilled) and 
ether (13 ml; this had been in contact with copper gauze for a 
number of days). The whole was brought to rJQ°C,
A solution of toluene 4-sulphonyl methyl nitrosamide 
(27g., prepared as above) in ether (160 ml., peroxide-free) was 
added dropwise with stirring over a period of 20-25 minutes. The 
distillate which formed was collected in the first Erlenmeyer 
flask, while the second flask, containing 45 ml. of ether, was 
used to scrub the uncondensed gases. Both flasks were cooled in 
ice. After addition of the nitrosamide solution further ether was 
added until the distillate was colourless. The solutions obtained 
from the Erlenmeyer flasks were used immediately without further 
purification to prepare 2-methoxy tropone and the corresponding 
4-methyl compound.
i. PREPARATION OB 4-METHYL 2-AMIN0TR0P0NE.
Stage 1. Preparation of 2-methoxy. 4-methyl tropone. (methyl 
tropolone methyl ether).
42The method of Haworth and Hobson was followed. The 
4-methyl tropolone prepared above was dissolved in ether (120 ml.) 
and to this was added diazomethane in ether, prepared from 27 g. 
of toluene 4-sulphonyl methyl nitrosamide. After evolution of 
nitrogen had ceased the solution was filtered and concentrated. To 
the oil so-formed was added methanol (30 ml.), followed by a 
solution of picric acid (20g. of the damp crystals) in methanol 
(50 ml.). The solution was refluxed for 15 minutes and allowed 
to crystallise. Needle-shaped crystals of 2-methoxy 4-methyl 
tropolone picrate (8 .5 g») were formed.
The mother liquor deposited more crystals on standing; 
these were prismatic in shape (2.5 g.)» prismatic crystals 
were the picrate of the isomeric 2-methoxy, 6-methyl tropone. A 
mixture of the picrates (5g«) was then obtained. The needle-shaped 
and the prismatic crystals were each recrystallised until good 
melting points were obtained. Only the picrate of 2-methoxy,
4-methyl tropone was obtained in a yield large enough for further 
reaction, and this picrate was therefore decomposed to the methyl 
ether by extracting its chlorofom solution repeatedly with 
aqueous sodium bicarbonate solution until no colour change in the 
aqueous layer was observed.
The crystals of the methyl ether obtained from the 
chloroform layer were sublimed. The yield of pure 2-methoxy, 4- 
methyl tropone was 1,5 g. and the melting point was 94°-95°C. 
(literature value 96°C.)
The observed melting point of the picrate of the 4-methyl 
isomer was 154°C., but decomposition was apparent from l48°C. The 
literature value for the melting point was l60°C. (dec.)
The picrate of the 6-methyl isomer was not decomposed
to the parent methyl ether. Its melting point before recrystallisation
was 122°-125°C. (literature value 130°C.)
Stage 2. Preparation of 4-methyl 2-aminotropone
51 52Haworth et al first prepared this compound. A Carius
tube was charged with 2-methoxy, 4-methyl tropone (1.5 g.) and 
a mixture of ammonia (5 ml.) in methanol (10 ml.). The tube was 
sealed, then heated in a Carius furnace for a week at 50°C,
The deep red solution was evaporated to dryness and 
the residue was sublimed. The product melted at 108°C., and after
recrystallisation from benzene the melting point was 111.5°*'il2°C. 
(literature value 1110-112°C.)52. Yield 1.0 g.
j. PREPARATION OF 2-AMINOTROPONE.
Stage 1. Preparation of 2-methoxy tropone,(tropolone methyl ether).
Diazomethane was prepared as described previously, 
using 17 g. of toluene 4-sulphonyl methyl nitrosamide. This was 
added to a solution of tropolone (4.5 g.) in ether. At first no 
reaction took place, then a steady effervescence was observed. In 
a later preparation solid tropolone was added to the ethereal 
solution of diazomethane until further addition produced no 
corresponding effervescence. The ether was evaporated off, the 
oil so-formed was treated with petroleum ether to dissolve the 
unchanged tropolone, and the anhydrous methyl ether (liquid at 
room temperature) was converted to the solid hemi-hydrate on standing. 
The residue from the petroleum ether solution was used to prepare 
more 2-methoxy tropone. Yield of hydrated solid 4.5 g« (80$).
Stage 2. Preparation of 2-aminotropone.
The method used was identical to that used to prepare 
2-amino 4-methyl tropolone. Tropolone methyl ether hydrate (5g.) 
was reacted with methanol (12 ml.) and ammonia (5 ml.) at J0°C, 
for five days. The melting point of the yellow-brown crystals was 
107°-108°C., (literature values range from 100°-101°C.^ to 106°- 
107°C.^
k. PREPARATION OF 2-MERCAPTOTRQPQNE.
2-methoxytropone (5*3 g«) prepared as described above 
was dissolved in methanol (70 ml.) and sodium sulphide (3 g.) was
dissolved in methanol (100 ml.) saturated with hydrogen sulphide.
The two solutions were refluxed together for 40 minutes. The 
red solution obtained was distilled under reduced pressure, 
acidified, the aqueous solution was extracted with chloroform and 
the combined extracts were dried with anhydrous magnesium sulphate, 
filtered and evaporated to dryness. The solid was sublimed at 80°C. 
under reduced pressure. A poor yield was obtained, apparently due 
to formation cf the disulphide before sublimation, but possibly 
due to insufficient saturation of the reaction mixture with 
hydrogen sulphide. An orange, micro crystalline powder was obtained, 
of melting point 54°-55°C.
1. PREPARATION OF THE METAL COMPLEXES.
Unless otherwise stated, all complexes were dried for 
between 1 and 2.5 hours at 120°C. under vacuum in the presence of 
phosphorus pentoxide. Normally a water pump was used to provide the 
vacuum but in some cases, when water of crystallisation was to 
be removed, a vacuum pump was used to provide a vacuum of 0,2 Torr.
Where the yield is not specified it may be considered 
to be almost quantitative, and unless the solubility characteristics 
of a complex are particularly mentioned, the compound can be 
assumed to dissolve in a wide range of solvents ranging from 
dimethyl sulphoxide and chloroform (v. soluble) to benzene 
(sparingly soluble). All complexes prepared were insoluble in 
petroleum ether, and in water. See also the section on ultraviolet 
and nuclear magnetic resonance results.
(i) Preparation of the copper complexes of the carboxvlic acids
of 4-methyl tropolone.
Attempt 1.
Copper tetrammine sulphate solution was added to a 
solution of the relevant carboxylic acid in an ethanol/water 
mixture. The green precipitate was filtered off and dried. The 
complexes obtained by this method were insoluble polymeric 
compounds.
Attempt 2.
The complexes were also prepared by dissolving copper 
sulphate in water and the ligand in ethanol and mixing the solutions. 
This improved both the microanalyses and the solubilities but 
they were still unsatisfactory. In most cases the solid was only 
soluble in ethanol and some complexes were insoluble in all 
solvents. Those which dissolved tended to polymerise in the solid 
form so that the recrystallised solid was insoluble in ethanol.
The microanalysis results suggested that the carboxy groups 
were themselves acting as ligand groups.
(ii) Preparation of complexes with 4-methyl tropolone.
1* Aluminium (III).
A solution of aluminium sulphate (0.3 g. ) in water was 
added to a solution of 4-methyl tropolone (0.4 g.) in ethanol. The 
ethanol was evaporated off by boiling until precipitation 
commenced, whereupon the solution was allowed to cool. The solid was 
removed, washed well with water, dried, and recrystallised from 
benzene. M. Pt. 3l6°**3l8°C. (some decomposition took place from 
300°C.)
2. Beryllium (II).
The ligand (0,54 g.) was dissolved in water to which some
2N ammonium hydroxide solution had been added. Excess ammonia was 
removed by boiling, and then a solution of beryllium sulphate 
(0*35 g») in water was added with stirring. The solid which formed 
was filtered off, washed well with water, dried, and recrystallised 
from chloroform.
3. Chromium (III).
A solution of chromic chloride (0.25 g*) in water was 
added with stirring to a solution of 4 -methyl tropolone (0.40 g.) 
in ethanol. The solution was heated with stirring while the colour 
darkened and turned red. The solution was allowed to boil for a 
few minutes and the deep red precipitate which formed was filtered 
off, washed with water, dried, and recrystallised from benzene. A 
second crop of the red complex was obtained from the mother 
liquor. The total yield before recrystallisation was 60$. M. Pt. 
above 320°C.
4. Cobalt (II)
This was prepared by the same method as the aluminium 
complex, using hydrated cobaltous sulphate (0.42 g.) and 4-methyl 
tropolone (0.40 g.). The solid was recrystallised from an ethanol/ 
water mixture. No melting point was found - the complex decomposed 
from 300°C. Water of crystallisation was lost at 130°C., and some 
oxidation occurred. Drying in vacuo (0,01 mm. pressure) at 100°C. 
was found not to oxidise the complex.
5* Cobalt (III).
Hydrated cobaltous sulphate (0.28 g.) was dissolved in 
water and added to a solution of 4-methyl tropolone (0,45 g*) 
in ethanol. The mixture was heated and to the warm solution was 
added 30$ w/v hydrogen peroxide solution (1.2 ml.) in water (10 ml.).
The solution was allowed to stand Until the colour had changed 
to dark green, after which it was boiled to remove the ethanol 
and to complete the reaction. The green solid so-formed was 
filtered off, washed well with water, dried, and recrystallised 
from ethanol/water. A few drops of 30$ hydrogen peroxide solution 
were added to the mother liquor to ensure complete reaction, and 
the solution was allowed to stand for a week. Further crops of 
crystals were obtained. The total yield was 0.24 g. (52$) after 
recrystallisation. The complex decomposed around 225°C., and did 
not melt on introduction into a heating block pre-heated to 320°C.
6. Copper (II).
The two methods of preparation used were identical to 
those used to prepare the aluminium and beryllium complexes, using 
copper sulphate pentahydrate (0.40 g.) and 4-methyl tropolone 
(0.45 g*)* In each case the solid obtained was washed with ethanol 
and recrystallised from benzene. The complex melted sharply at 
278°C. (the literature value was 280°-282°C.)^2.
7. Iron (III).
This complex was prepared similarly to the aluminium 
complex, using ferric chloride (hydrated) (0.30 g.) and 4-methyl 
tropolone (0.50 g.). The red precipitate was recrystallised from 
benzene. The yield obtained was only high (about 90$) when the 
ligand was in excess. M. Pt. 298°C.
8. Manganese (II).
This compound was prepared by the method used by Bryant
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et al to prepare the tropolonate. Manganous acetate (0.48 g.) 
dissolved in ethanol was added with stirring to a solution of the 
ligand (0.5 g.) in ethanol, to which had been added two or three drops
of ammonium hydroxide (d « 0,880) solution. Stirring was 
continued while the solution became cloudy. The mixture was heated, 
then the precipitate was filtered off, washed well with water, 
and dried. The solid was insoluble in most solvents, including 
ethanol and dimethyl formamide. It was soluble in pyridine and 
dimethyl sulphoxide to a certain extent, but these were not 
considered suitable for recrystallisation of the complex. For this 
reason the solid was ground first under ether (twice), and then 
under water, to remove impurities. The complex showed no melting 
point to 320°C., but decomposed from 305°C.
9. Nickel (II).
This compound was prepared by the method used to prepare 
the aluminium complex, using 0.4 g. of nickel sulphate and 0,45 g* 
of 4-methyl tropolone. The yellow precipitate was recrystallised 
from methanol. No melting point was found to j320°C. The solid was 
insoluble in benzene and only slightly soluble in chloroform. The 
microanalytical result showed that two molecules of water were 
co-ordinated to the complex, which had been dried for three days 
over calcium chloride in a desiccator.
10. Thorium (IV).
This compound was prepared similarly to the aluminium 
complex, using 0.55 g» of thorium nitrate tetrahydrate and 0.55 g* 
of 4-methyl tropolone. The canary-yellow powder obtained was 
recrystallised from methanol and washed well with an ethanol/ 
water mixture. The solid started to decompose at 275°C. The 
observed melting point of 308°C. was therefore probably not 
characteristic of the complex.
As the infrared spectrum showed that the complex was
a water-containing adduct it was dried at 120°C. for 4 hours at
0.04 mm. pressure in the presence of PJ)_. The hydrated compound
2 5
is insoluble in water, very slightly soluble in ethanol and benzene, 
and sparingly soluble in methanol. Both complexes are, however, 
appreciably soluble in chloroform.
11. Vanadyl (II).
A methanolic solution of 4-methyl tropolone was treated 
with a 50$ w/v solution of vanadyl chloride in water (0.9 g.), 
with constant stirring. The resulting grey precipitate was collected, 
washed with water, and re crystallised from methanol, to yield 
deep purple crystals, M. Pt. 296°C.
12• Zinc (II). (hydrated).
Zinc sulphate heptahydrate (0.44 g.) in water was added 
to a solution of 4-methyl tropolone (0.4 g.) in dilute ammonium 
hydroxide solution as for the preparation of the beryllium 
complex. The solid which separated was filtered off, washed with 
water, recrystallised from ethanol, and dried in air. The 
microanalytical and the N.M.R. results showed that water was 
co-ordinated, apparently one molecule of water per molecule of 
complex.
13* Zinc (II) (anhydrous).
This was formed from the hydrated complex by heating it 
at 110°C., and 0.1 mm. pressure for 2.5 hours in the presence of
(iii) Preparation of complexes with tropolone.
1. Aluminium (III).
This complex was prepared by the method used to prepare
the 4-methyl tropolonate, and the properties of the two complexes 
were similar. The melting point was above 350°C; no decomposition 
was apparent at this temperature.
2. Beryllium (II).
Tropolone (lg.) was dissolved in ethanol, and to this 
solution was added a solution of beryllium sulphate (lg.) in 
water. The mixture was heated on a water bath and a few drops of 
2N ammonium hydroxide solution were added. The off-white 
precipitate was filtered off, washed well with water, dried, and 
recrystalliscd from a chloroform/petroleum ether (60°-80°C.) 
mixture twice. M. Pt. 209°-210°C.
3« Chromium (III).
This complex was prepared analogously to the 4-methyl 
tropolonate. No melting point was observed below 320°C,
4. Copper (II).
The complex was prepared analogously to the 4-methyl 
tropolonate. It was also prepared during the isolation of tropolone 
from its reaction mixture. M. Pt. 298°C. (dec.) (literature value 
300°-3O3°c.)
5* Vanadyl (II). This complex was prepared in an 
identical manner to the 4-methyl tropolonate. No melting point was 
observed to 320°C. ; the complex decomposed from about 300°C.
(iv) Preparation of complexes with 5-phenyl tropolone.
1. Beryllium (II).
The complex was prepared analogously to the 4-methyl 
tropolonate, using 0.08 g. of beryllium sulphate and 0.15 g» of
3-phenyl tropolone. M. Pt. 175°-175.5°C.
2. Copper (II).
The ligand (0.6 g.) was dissolved in ethanol (or ether) 
and to this was added a solution of copper sulphate (0.37 g.) in 
water. The precipitate (this formed in the ethereal layer when 
this solvent was used) was filtered off and, after recrystallisation 
from chloroform, was washed with petroleum ether (40°-60°C.) and 
dried. M. Pt. 340°-34l°C. (dec.) (literature value^ above 300°C.)
3. Nickel (II).
Nickel acetate (0.21 g.) was dissolved in water to which 
a few drops of glacial acetic acid had been added. This solution 
was added slowly with stirring to a solution of 3“Phenyl tropolone 
(0»35 g*) in methanol. The yellow precipitate was filtered off 
and recrystallised from a chloroform/methanol mixture. A further 
yellow precipitate was obtained by treating the reaction mixture 
with water and boiling the solution to remove methanol. The solid 
was treated as before. The melting point of the crystals was 
332°-334°C.
4. Vanadyl (II).
This complex was prepared analogously to the 4-methyl 
tropolonate. M. Pt. 175°c« (dec.)
(v) Preparation of complexes of 2-aninotropone.
1. Chromium (III).
Chromic chloride (green) (0.6 g.) and 2-aminotropone 
(0.8 g.) were dissolved in methanol and allowed to reflux together 
for 1.5 hours. The red-brown solution was treated with water,
2N ammonium hydroxide solution, ahd chloroform. The red organic 
layer was separated and the aqueous layer was further extracted
with two portions of chloroform. The organic layers were combined, 
dried over anhydrous magnesium sulphate, filtered, and evaporated. 
Petroleum ether (60°-80°C.) was added to the solution: the green 
solid was filtered off and recrystallised from a benzene/ 
petroleum ether (80°-100°C.) mixture. The solid was filtered off, 
washed with petroleum ether (40°-60°C.) and dried. Yield 50$•
M. Pt. 252°C. (dec.)
2. Copper (II).
To a solution of 2-aminotropone (0.6 g.) in methanol 
was added copper acetate (0.5 g.), also in methanol. Water was 
added to the mixturej the solid which formed was filtered off 
and recrystallised from chloroform/petroleum ether (60°-80°C.).
M. Pt. 223°-224°C.
3. Nickel (II).
Sodium 2-aminotroponate was prepared by dissolving 
2-aminotropone (2.1 g.) in sodium hydroxide (22.5 ml.> IN) with 
the minimum of heating. Nickel acetate (0.3 g.) was dissolved in 
water and added in one portion to the sodium aminotroponate 
solution. The mixture was swirled and the deep red precipitate 
which formed was filtered off. To the filtrate was added a solution 
of 0.27 g* of nickel acetate in water and the process was 
repeated. Two portions of 0.25 g* of nickel acetate were reacted 
similarly to obtain further yields. In all cases the precipitate 
was washed well with water, dried, and recrystallised from a 
chloroform/petroleum ether mixture. Black, needle-shaped crystals 
were obtained. M. Pt. 234°-235°C. The yield was almost 
quantitative for the first batch, falling with successive portions 
of nickel acetate.
(vi) Complexes with 4-methyl 2-aminotropone.
1. Chromium (III),
The complex was prepared identically to the 2-aminotroponate, 
The solid was dried in a desiccator after which it analysed as 
CrCCgHgONj^OH.jSHgO. The solid decomposed from 220°C. without 
melting. Yield 45-50$. Some loss of water of crystallisation 
appeared to have taken place from the tri-hydrate.
2. Copper (II).
Copper acetate (0.4 g.) was dissolved in ethanol and 
added with stirring to an ethanolic solution of 4-methyl 
2-aminotropone (0.55 g.)• Water and 2N ammonia were added and the 
green precipitate which formed was filtered off and recrystallised 
from a chloroform/petroleum ether (60°-80°C.) mixture. The black 
cubes were filtered off, washed with methanol and water, and 
dried. M. Pt. l82°-l84°C.
(vii) Complexes with 3-phenyl aminotrop-2-one.
1. Chromium (ill).
Chromic chloride (green) (0,25 S*) was dissolved in methanol and 
the solution was added dropwise to a methanolic solution of the 
ligand (0.5 g.). The green mixture was refluxed for two hours, 
then treated as for the 2-aminotroponate. Some of the ligand 
crystallised with the complexj this was removed by dissolving the 
complex in a small quantity of cold benzene, filtering, and 
precipitating the complex using petroleum ether (80°-100°C.).
This was repeated twice. No melting point was observed below 550°C. 
Decomposition occurred at 260°C.
2. Copper (II).
This was prepared by the method used for the 
2-aminotroponate. A red solution was obtained> yielding needle- 
shaped crystals, yellow-brown in colour. These were recrystallised 
from chloroform/petroleum ether (80°-100°C.) and dried. M. Pt. 
244°-245°C.
3. Vanadyl (II).
To a solution of the ligand (0.6 g.) in methanol was 
added vanadyl chloride (50$ aq.) (0.5 g.) in a small quantity of 
water. The solution was refluxed for some minutes, diluted with 
water and extracted with benzene. A red solution was obtained, 
changing to deep green on concentration. A mixture of the ligand 
and the complex; was obtained and by dissolving the product repeatedly 
in cold benzene, followed by precipitation with petroleum ether 
(100°-120°C.), a small quantity of the complex was obtained pure.
M. Pt. 175°C. (dec.). The yield was too poor for a microanalytical 
result to be obtained.
(viii), Complexes with 2-mercaptotropone.
1. Copper (II).
To a solution of copper tetrammine sulphate was added 
a solution of 2-mercaptotropone in 2N ammonium hydroxide solution.
A green-brown precipitate formed and the mixture was extracted 
with chloroform. The organic layer was removed, dried, and evaporated 
under reduced pressure. The brown solid was taken up in chloroform 
and the solution was filtered and allowed to crystallise* The 
black crystals melted at 256°-257°C.(dec*).
2. Nickel (II).
The method employed was analogous to that used to
prepare the copper complex. Hie melting point of the purple solid 
was 274°“275°C. Literature*^ value 273°C.
' 5 . Vanadyl (II)
A solution of 2-mercaptotropone in ethanol was added to 
excess vanadyl chloride in water and the solution was extracted with 
chloroform. The deep red chloroform layer was removed, dried with 
anhydrous magnesium sulphate, filtered and concentrated. Petroleum 
ether (100o-120oC.) was added and the black crystals which formed 
on standing were filtered off and recrystallised from a chloroform/ 
petroleum ether (100°-120°C.) mixture. The melting point of the 
crystals was 251°~252°C. (dec.).
COMPOUND TWT.HT SOURCE PRESSURE
(°C.) (°c.j (Torr).
4-methyl tropolone 27 70 7.5xl0~5
3~carboxy 4-methyl 
tropolone
100 150 3 x 10~5
6-carboxy 4-methyl 
tropolone
180 200 2.5xl0“5
3,6-dicarboxy, 4-methyl 
tropolone
150 180 3 x 10~5
3-carboxy 4-carboxymethyl 
tropolone
110 130 2 x 10“6
3-6-dicarboxy 4-carboxy- 
methyl tropolone
210 230 3 x 10“5
Purpurogallin 200 200 5 x 10~5
4-carboxy purpurogallin 200 250 3 x 10~5
Tropolone 50 100 4 x 10~6
3-bromotropolone 100 150 4 x 10~6
3-phenyl tropolone 100 120 5 x 10~6
Cu (I)2 170 180 5 x 10“6
Cu (IX)2 250 270 4 x 10"6
Cu (X)2 270 .290 1.5xlO*“6
Cu (XI)2 250 250 4 x 10 ^
Cu (V)2 230 250 4 x 10~6
Cu (III)2 250 270 6 x 10 ^
Cu (XI)2
000CVl 300 1.2 x 10“6
Breakdown conditions for the mass spectra of the tropolones 
and their copper complexes.
Table 2-5
-54-
complex; INLET
(°c.)
SOURCE
(°c.)
PRESSURE 
(Torr).
Fe(III) 4-methyl tropolonate 250 270 1.5xl0~5
Al(III) 4-methyl tropolonate 250 290 1.7xl0~5
Cr(III) 4-methyl tropolonate 240 270 2 x 10**6
Co(III) 4-methyl tropolonate 240 270 4 x 10~6
Be (II) 4-methyl tropolonate 180 200 5 x 10“5
Co (II) 4-methyl tropolonate 240 270 5 x 10“6
Mn (II) 4-methyl tropolonate 500 2S0 5 x lo"7
Ni (II) 4-methyl tropolonate 250 270 5 x 10"6
VO (II) 4-methyl tropolonate 270 500 5 *5xl0“6
Zn (II) 4-methyl tropolonate 
(anhydrous)
220 250 2 x 10~5
Zn (II) 4-methyl tropolonate 
(hydrated)
250 270 1 x 10“5
Th (rv) 4-methyl tropolonate 250 270 1 x 10“6
br(IIl) tropolonate 240 270 4 x 10~7
Be (II) tropolonate 150 170
tr
2 x 10
Be (II) 5-phenyl tropolonate 210 250 0 .5xl0“6
VO (II) tropolonate 250 270 1 x 10“6
Ni (II) 5-phenyl tropolonate 280 500 0 .7xl0*6
VO (II) 5-phenyl tropolonate 150 170 o.8xio"6
Mass spectrametric conditions for the metal tropolonates.
Table 2-6.
COMPLEX INLEE 
(°C*)
SOURCE
(°c.)
PRESSURE
(Torr)
2-aminotropone 110 130 1 x 10~6
2-mercaptotropone 230 110 4 x 10"6
3-phenyl aminotrop-2-one 180 200 2 x 10“6
4-methyl 2-aminotropone 100 120 2 x 10“6
Cu (II) 2-mercaptotroponate 210 230 1.2xl0"6
Ni (II) 2-mercaptotroponate 180 200 2 x 10“6
VO (II) 2-mercaptorJroponate 200 220 l,5xl0~6
Cr (III) 4-methyl 2-aminotroponate 190 210 2.3x10
Cu (II) 2-aminotroponate 140 160 1 x 10~6
Cr (III) 2-aminotroponate 220 240
£
1 x 10
Ni (II) 2-aminotroponate 220 240
-6
0.6x10
Cu (II) 3-pfrenyl aminotrop-2-onate 220 240 1 x 10-6
Cr (ill) 3-phenyl aminotrop-2-onate 260 280 1.8xl0‘6
VO (II) >*phenyl aminotrop-2-onate 150 170 1 x 10’6
Table 2-7
Mass spectrometric conditions for the aminotroponates, the 
mercaptotroponates, and the ligands*
METAL Calc;
$C
Found.
#C $H
Aluminium (III) 66.6 4.9 66.6 4.8
Beryllium (II) 68.8 5.0 68.8 5.0
Chromium (III) 63.O 4.6 62.9 4.6
Cobalt (II) 58.4 4.3 58.1 4.3
Cobalt (III) 62.1 4.5 62.3 4.7
Copper (II) 57.6 4.2 57.4 4.3
Ferric 62.5 4.6 62.7 4.7
Manganese (II) 59.1 4.6 59.7 4.3
Nickel (II) (+2HgO) 52.7 4.9 52.9 5.0
Thorium (IV) 49.7 3^6 49.1 3 .6
Vanadyl (II) 57.0 4.2 56.6 4.3
Zinc (II) (+1H-0)
,...........  ■ _  . .
54.3 4.5 55.1 4.5
Table 2-8
Microanalysis results for the 4~methyl tropolonates 
prepared.
COMPOUND
W
$age Calc.
W> W
$age Pound*
W  W  Wo
Purpurogallin 60.0 5.6 60.2 5.6
4-methyl tropolone 70.6 5.9 70.6 5.9
4-carboxy
purpurogallin
54.5 5.0 54.5 5.4
6-carboxy
4-methyl tropolone
60.0 4.4 59.9 4.3
3.6-dicarboxy 
4-methyl tropolone
55*6 5.6 55.6 5.7
3-carboxy
4-methyl tropolone 60.0 4.4 60.3 4.4
Tropolone 68.8 5.0 68.7 5.0
3-phenyl tropolone 78.8 5.1 79-1 5.2
3-phenyl
aminotrop-2-one 79.2 5.6 7.1 '79.0 5.7 7.5
4-methyl
2-aminotropone No results. See metal compl ex microanalyses.
2-aminotropone 69.4 5.8 11.6 69.O 5.8 11.6
2-mercaptotropone 60.9 4.4 60.7 5.1
Table 2-9 
Microanalytical results of the ligands
COMPLEX Calc. Pound.
H% Q%> H%
A1 (III) tropolonate 64.6 5.9 64.4 4.0
Be (II) tropolonate 66.9 4.0 66.9 4.0
Cr (XII) tropolonate 60.7 ■3.6 60.9 3.8
Cu (II) tropolonate 55.0 3.5 54.8 3.3
YO (II) tropolonate 54.4 5.2 54.1 3.2
Be (II) 3“Phenyl
tropolonate
77.4 4.5 77.4 4.7
Cu (II) 3-phenyl
tropolonate
68.2 3.9 67.8 3.9
Ni (II) 3~phenyl
tropolonate
68.9 4.0 69.2 4.2
Table 2-10
Microanalytical results for other complexes 
with oxygen-containing ligands.
COMPLEX
CALC,
w
FOUND.
w  w> w
Cr (III)
2-aminotroponate
(CrA^.OH)
54.4 4.2 9.1 54.3 4.2 8 .9
Cu (II)
2-aminotroponate
55.3 4.0 9.2 55.1 4.0 9 .0
Ni (II)
2-aminotroponate
56.2 4.0 9.4 56.5 4.0 9.6
Cr (III) 4-methyl 
2-aminotroponate
(CrA2.0H.3H20)
49.1 5.9 7.2 49.7 5.7 7.0
Cu (II) 4-methyl 
2-aminotroponate
57.9 4.8 8.5 57.8 5*0 8 ,2
Cu (II) 3-phenyl 
aminotrop-2-onate
68.6 4.4 6.2 68.4 4.4 6.4
Cu (II)
2-mercaptotroponate
49.6 2.9 49.8 3.0
Ni (II)
2-mercaptotroponate
50.5 3-0 50.6 3.0
Table 2-11.
Microanalytical results for the aminotroponates and mercaptotroponates.
CHAPTER 5.
DISCUSSION OF THE PREPARATIVE WORK,
a. ALTERNATIVE METHODS OF PREPARATION OF TROPOLONE.
The first preparation of tropolone involved 
5 7  6
cycloheptanone or benzene as the starting point. The methods 
using cycloheptanone involved oxidation to cycloheptanedione using
selenium dioxide, followed by bromination and either hydrolysis
7 5of the product with water or decomposition by hydrogenation .
The preparation from benzene entailed dissolving gaseous diazomethane
in benzene and decomposing the former using a U-V lamp. The
intermediate was then oxidised using potassium permanganate
solution. All three methods gave a rather poor yield; the oxidation
stage of the diazomethane method was of very poor yield.
Since this time a variety of alternative methods have
56
been proposed. By treating anisole with diazomethane as above,
followed by bromination, tropone was formed in unspecified yield.
57 58
Prom tropone 2-aminotropone has been prepared in good yield.
The 2-aminotropone can be hydrolysed quantitatively to tropolone
by the method outlined in the preparation of 3-phenyl tropolone.
An alternative preparation involved the reaction of
59cyclopentadiene with tetrafluoroethylene. The preparation 
required reaction conditions of 475°C., at atmospheric pressure, 
followed immediately by a temperature of 750°C. at less than 5 iron* 
pressure. Although the stated yield was 20$, only 10$ of the gases 
actually reacted on a single pass through the system. The unreacted 
gases were continuously re-cycled to improve the overall yield. The 
adduct was also hydrolysed using different reaction conditions to 
yield 2-aminotroponeimine and 2-aminotroponethione.
The method employed here again involved an adduct-
forming reaction with cyclopentadiene, but in this case standard 
laboratory equipment and conditions were required as liquids were 
used rather than gases. The overall yield was quoted as 52%9 
although throughout this present work a maximum of 16-20% was 
obtained.
Recently a promising new method was reported. A 52% 
yield of tropone was claimed. The preparation entailed the 
bromination of cycloheptanone, followed by elimination of hydrogen 
bromide from the intermediate, using lithium carbonate. The conversion 
of tropone to tropolone in good yield has already been mentioned.
If the high yield reported is reproducible, this method is far 
preferable to the method actually used, since the steps are simpler 
and the work-up is much easier.
b. 2-AMINQTR0P0NES AS LIGANDS.
Seto et al found that the basicity of the amino group 
in 2-aminotropone was less than that in 3~ or 4-aminotropone and 
they suggested that the proximity of the ketonic group and the 
resonance structures of tropone caused this. Nevertheless the 
molecule shows little, if any, acidity or hydrogen sharing between 
the two heteroatoms. The N.M.R. spectrum of 2-aminotropone showed 
no resolution of the two amine hydrogen atoms, suggesting that 
neither formed a hydrogen bond, since obviously it is sterically 
impossible for both to do so. The deuteroform solution was shaken 
with deuterium oxide and the N.M.R. spectrum was re-measured. No 
change was observed, showing that the protons are well-held and 
not labile. This explains the difficulties encountered in preparing 
metal complexes with aminotropones, mentioned below. The inability
of ^“phenyl aminotrop-2-one to dissolve appreciably in the theoretical 
quantity of sodium hydroxide solution required to form the sodium 
salt also demonstrates the difficulty encountered in replacing 
a proton on the ligand.
Hie most easily-prepared complexes were the copper (II) 
complexes. By mixing ethanolic solutions of cupric acetate and
2-aminotropone, followed by dilution of the mixture with water 
and 2N ammonium hydroxide solution, the complex was precipitated. 
However, addition of an ethanolic solution of the ligand to an 
aqueous cupric sulphate solution produced no precipitate, in 
contrast with the preparation of the tropolonate. Addition of 2N 
ammonium hydroxide solution and extraction with chloroform yielded 
only the ligand in an impure state.
No attempts to prepare the beryllium complexes of the
2-aminotropones were successful. Beryllium sulphate in aqueous 
solution was added to the ligand in
1. ethanol, or
2. the quantity of sodium hydroxide in water needed to 
prepare the sodium salt.
Beryllium sulphate was also dissolved in excess 
ammonium hydroxide solution and added to solutions of the ligand in 
the above solvents, again without success.
Bed chloroform solutions were obtained during attempts 
to prepare the chromium (III) complexes. In all cases the solution 
could not be crystallised but a green precipitate was obtained 
on treating the solution with petroleum ether. In each case, also, 
the green solid was found to be a hydroxy-tropolonate. The method 
used in the preparation of the copper complexes was unsuccessful
for the chromium complexes, as was the method outlined below for 
the preparation of nickel (II) 2-aminotroponate. By refluxing the 
ligand with green chromic chloride for two hours, diluting this 
with water and 2N ammonium hydroxide solution, and extracting the 
mixture with chloroform the hydroxy complexes were isolated. Longer 
refluxing times and excess ligand failed to yield a tris aminotroponate.
Due to the unusual nature of chromium complexes each 
of the 2-aminotroponates prepared was tested for chloride content.
Both the Lassaigne and Beilstein tests proved negative.
On attempting to prepare the vanadyl complexes only 
mixtures of the ligand and the complex were obtained. By adding an 
aqueous solution of vanadyl sulphate to an aqueous solution of
2-aminotropone no precipitate was obtained. Extraction of the 
solution with chloroform yielded a purple-coloured organic layer - 
the colouration was most intense when the vanadyl sulphate was in 
large excess, although vanadyl sulphate is insoluble in chloroform.
A similar result was observed using ethanolic solutions of both 
constituents followed by dilution of the solution as in the 
preparation of the copper complexes. On evaporation of the chloroform 
solution a mixture of ligand and complex was obtained. The two 
were separated, partly by crystal picking and partly by. repeated 
recrystailisation, but only a very small yield of the complex was 
obtained.
The complex most difficult to prepare - of those actually 
synthesised - was the nickel complex. Six attempts were unsuccessfulj 
these included the methods used above, and also included the use of 
sodium acetate as a buffer and the refluxing of nickel hydroxy- 
bicarbonate with 2-aminotropone in a chloroform/methanol mixture for
24 hours. The hydroxy-bicarbonate was freshly prepared from 
aqueous solutions of sodium bicarbonate and nickel (II) sulphate.
In all cases a colour change showed that a small amount of the 
complex formed, but the solid obtained from each reaction mixture had 
a melting point only slightly lower than that of the pure ligand.
The infrared spectra of the ligand and the prepared solid were 
identical.
A red precipitate formed, however, on adding an aqueous 
nickel (II) sulphate solution slowly with stirring to an aqueous 
solution of 2-aminotropone, but this redissolved as more nickel 
acetate solution was added. After the precipitate had re-dissolved 
it did not re-form, but this failure led to the successful 
preparative method. The method last described was followed, with 
the ligand in a seven- to ten-fold excess. The precipitate which 
formed was filtered off as rapidly as possible and a second batch 
was obtained by adding a smaller quantity of nickel sulphate solution 
to the reaction mixture. Prom these results it seems that an 
equilibrium exists, vizs-
12+
Ni (HgCOg
+ amtrop
Ni (HgO)^* amtrop-j
amtrop
2+
Ni(H20)6
Ni( amtrop)2 
(diamagnetic).
The abbreviation "amtrop" refers to 2-aminotropone, acting as 
a ligand.
Nickel 2-aminotroponate was found to be diamagnetic 
by nuclear magnetic resonance work. The two other fragments shown 
in the equation above must be paramagnetic, as they are 6-co- 
ordinate.
Although many of the above preparative methods would not 
be considered suitable to prepare "difficult" complexes, all are 
successful in preparing the corresponding tropolonates. While
2-mercaptotropone has not been studied here in detail, this ligand 
still shows versatility in complex formation which 2-aminotropone 
does not do. Nevertheless, while aminotroponates are not easily 
prepared they are quite stable after isolation, generally 
affording good melting points and mass spectra.
* RECOVERY OF 2-AMINCTRQPONE FROM ITS COMPLEXES.
Acid hydrolysis was found to be the best method. The 
complex was dissolved in j3N sulphuric acid and the solution was 
extracted with chloroform. The organic layer was separated, washed, 
dried with anhydrous magnesium sulphate, and evaporated to dryness. 
The residue was purified by sublimation. A poor yield was obtained 
as protonation of the ligand occurred, hindering extraction.
The use of hydrogen sulphide was not a viable alternative 
to this method as a yellow compound with a strong smell was obtained 
instead of 2-aminotropone. The unidentified compound sublimed but 
was not investigated further.
c. 2-MERCAPTQTROPQNE AS A LIGAND.
Pure complexes were prepared by reacting the unpurified 
ligand in ethanolic solution with the metal sulphate dissolved
in 2N ammonium hydroxide solution. Tho complexes were also formed 
by preparing ammonium 2-mercaptotroponate and treating the aqueous 
solution as above. The preparation of the copper complex is a 
useful method of purifying and storing the ligand. Decomposition of 
the complex with hydrogen sulphide should release the free ligand, 
but this has not been attempted. This method is particularly useful 
since trouble was experienced in purifying the ligand due to its 
easy oxidation to the disulphide.
d. NON-STANDARD PREPARATIONS OP TROPOLONATE5.
(i) Vanadyl complexes.
17
Muetterties et al prepared two tropolone-containing
vanadium complexes - VCTgCl and VOT^ (where T denotes the
tropolone ligand). Apart from this paper the only reported preparations
32
of such compounds were carried out by White and Selbin . They 
prepared by a rather laborious series of syntheses the following 
complexes
1. VT Cl. HT
2. V0TC1. HT (dry air on 1.)
3. VTgCl (heat 1. at 100°C. in Ng)
4. VOTgCl
5. VOTgF
6. VOTg (heat 2. at 100°C. in Ng for 3 hours.)
The vanadyl tropolonate prepared (6.) showed little 
similarity to that prepared in our work. The complex r^as green, 
and decomposed at 122°C. It was soluble in acetone and diohloromethane 
but insoluble in benzene, and water hydrolysed the complex. Our 
complex, in contrast, was deep purple, with no melting point below
300°C., at which temperature it decomposed. It was insoluble in 
chloroform, benzene and acetone, although it dissolved in methanol. 
Although this method is identical to ours and the workers provided 
no further details they described their compound as tan-coloured, 
with a V=0 stretching frequency of 984 cm This agreed with their 
observation of the Vs=0 stretching frequency of the green tropolonate 
previously discussed. No melting point for the tan-coloured compound 
was given.
The infrared spectra of vanadyl complexes are of great
interest; as the V=0 stretching frequency is normally found in the
-1 -1 32
region of 950 cm to 1000 cm . It was found that the frequency
depended on the co-ordination number and the charge on the
vanadium atoms. This therefore provides a good indication of the
polymeric nature of vanadyl (II) complexes. The melting point (or
decomposition point) apparently also depends on the polymeric nature.
° 17Thus the complex VOT^ melted at 342 C. , and showed a stretching
-1
frequency of 950 cm , while the green VOT^ complex showed a
frequency of 984 cm \  and decomposed at 122°C. A table shows the
vanadyl stretching frequencies and melting points of various complexes,
(ii) Beryllium (II) and zinc (II) tropolonates.
Both the beryllium and zinc complexes have been 
prepared previously, but not by the methods used here. In both 
cases the relevant hydroxide was prepared and suspended in a 
boiling solution of the ligand in ethanol or dimethyl formamide.
Heating was usually continued for about 48 hours. Although these 
methods were used initially in this work also, more convenient 
methods involved mixing solutions of the ligand and the relevant 
metal salt, or reacting aqueous solutions of the ammonium salt of
the ligand and the required metal salt. Although the zinc complex
was observed to hydrolyse slightly under this treatment (see the 
microanalytical result) the beryllium complexes of tropolone, 
4-methyl tropolone and 2“Phenyl tropolone were prepared pure. The 
zinc complex was also observed to form a hydrate analogous to that
previously.
e . 3-PHENYL TROPOLONE AS A LIGAND.
The study of 3“Phenyl tropolonates was undertaken to 
investigate the possibility of steric hindrance affecting the
propyl tropolones, showed that the substituent on the tropolone ring, 
even in the 3“ 7~Position, apparently had little effect. Thus
3-isopropyl tropolone still formed nine-co-ordinate complexes of 
the form ThT^.DMF, where IMP signifies dimethylformamide. Tropolone 
being a compact molecule, the 3**bromotropolonates showed little 
effect attributable to steric hindrance, but the difficulty 
experienced in preparing the chromium (III) 3~phenyl tropolonate 
was probably due partly to this effect, as well as being due to the 
inductive effect of the phenyl group. Normally, due to the
chromic chloride in ethanol with the relevant ligand, but no success 
was achieved in the preparation of the 3“Phenyl tropolonate, even 
with extended reflux times of up to three days. The solution 
darkened in colour during this time, an indication that a reaction 
was taking place, but only a green gum insoluble in ethanol, 
although very soluble in petroleum ether and chloroform, was
63
formed by the acetylacetonate . This adduct has not been reported
23
formation of the complexes. Muetterties , using the three iso-
3+^ ion, it is necessary to reflux
COMPLEX V«0 (cm**1) M. Pt.
1. Literature
V0T2 (green)32 
VOTg.py32
VOT. 17
YOTgCl 17
V0Q?2 (tan)
VCT.Cl (HD) (black)32 
VOO?2C1 (green)32 
VOTgF32
V0acac2 (blue-green)
V0aeac2.py 
2. Measured.
vor2
V0(MeT)2
VO(PhA)2
Y0(PhT)2
V0(mer)o
984
950
950
970
984
995
964'
62
62
953
957
964/985*
965(broad 
to high )
965/975
dec. 122 C.
342-5°C.
dec. 64°C. 
dec. 176°C.
dec. 80 C.
dec. 300 C. 
296°C.
175°0.(dec.) 
175°0.(dec.)
231-2°C.
Table 3-1. Infrared and melting point data for some vanadyl complexes, 
MeT *a 4-methyl tropolone 
PhT = 3-phenyl aminotrop-2-one 
mer « 2-mercaptotropone
*This complex appears to be precipitated in a variety of 
forms, according to their polymeric nature. The more soluble (and 
therefore less polymeric) fractions showed a higher V=0 stretching 
frequency than the less soluble fractions.
obtained. This was not investigated further, but all attempts to
induce it to crystallise failed. Since the 3-bromotropolonate 
12
is prepared by the mere addition of solutions of the reagents and 
filtration of the precipitate formed, an inductive effect is 
obviously responsible, although steric hindrance probably also 
plays a part.
Conversely, the nickel (II) complex of ^-phenyl tropolone
was prepared by simple addition of the reactants while the 
12
3-bromotropolonate required a few minutes’ heat before the complex
separated as a dihydrate. This latter complex was probably monomeric.
The 3-phenyl tropolonate also showed monomeric characteristics,
being soluble in benzene, chloroform and many other common solvents.
The tropolonate and 4-methyl tropolonate were not easily soluble in
12either benzene or chloroform. It has been shown that the tropolonate 
crystallises as a dimer of the form (NiTg.HgO)^. The 4-methyl 
tropolonate analysed as a dihydrate while the 3~phenyl tropolonate 
was anhydrous.
Vanadyl ^“Phenyl tropolonate also showed characteristics of
a monomeric nature. The 4-methyl tropolonate and the tropolonate
o 32were polymeric, decomposing around JQO C. The monomeric tropolonate ^
decomposed at 125°C. The 3~phenyl tropolonate, in comparison,
melted at 175°C. with decomposition. It was, however, purple, as
was the polymeric tropolonate and the infrared spectrum was
ambiguous. See the section of this chapter concerning vanadyl
complexes.
CHAPTER 4
INTRODUCTION TO MASS SPECTROMETRY.
a. BASIC THEORY6^J65
The key reaction in the mass spectrometer takes place 
in the ion chamber. An electron, which has considerable kinetic 
energy, hits a molecule in the vapour phase or passes within about 
2A of one of the atoms. One of three reactions can occur:- the 
electron can pass or bounce off without effect; it can be absorbed 
to form a negative ion; or it can strip an electron from the 
molecule. Only the last of these is very likely with organic 
fragments.
Since only about 10 eV are required to ionise an organic 
molecule and the electrons are accelerated with an energy of 70eV 
a considerable amount of energy remains in the system, much of 
which is absorbed by the molecule under consideration. This extra 
energy causes fragmentation of the molecule and the fragmentation 
pattern can be studied to yield data on high-energy chemistry or 
alternatively, in the case of an unknown compound, to assist in 
determining the structure of the compound.
From the ion chamber the positively charged ion is accelerated 
through an electric and a magnetic field. By this means the beam 
of ions is separated according to the mass. By varying either the 
electric or the magnetic field the ions of different mass are 
focussed in turn on a detector. This records the data as a trace 
on photographic paper.
A molecule of the sample compound, on being stripped of 
one electron, is known as the molecular ion and the peak 
corresponding to this in the mass spectrum is the parent peak of 
the compound. If the compound shows no parent peak the excess 
energy stored as vibrational and rotational energy is causing the
mmtZ
molecular ion to break up quickly (less than 10 3 sec.)* In such 
cases lower-energy electrons (e.g. l4eV) normally produce a parent 
peak.
Despite the short life of such fragments, enough time 
elapses before breakdown for electronic rearrangement and energy 
distribution to take place. Thus the bond which breaks is 
independent of the position of initial ionisation.
High resolution may be achieved using a double-focussing 
instrument. Compounds with the same numerical molecular weight 
but different empirical formulae can then be resolved, and an 
unambiguous analysis of the fragment is possible by calculation.
b. THE EFFECT OF CHANGING THE MASS SPECTROMETRIC CONDITIONS.
Apart from affecting the possibility of ion-molecule 
collisions (see below) any change in the conditions under which a 
mass spectrum is obtained usually affects the quantitative 
reproducibility of the results. Pressure variation is not uncommon, 
although avoidable, and the observed peak size is affected drastically 
as the mean free path is reduced, or the concentration of the vapour 
in the ion chamber changes. A temperature change can give rise to 
pressure instability or it can cause thermal decomposition, again 
affecting the results.
Spectra are not reproducible quantitatively between different 
machines, although two machines of the same make should not show 
appreciable variation. Different machines have different path 
lengths, different surface areas and different internal design, all 
of which selectively influence the relative abundances of the ions 
so that it is possible to make generalisations such as "The Dempster
type of instrument tends to discriminate against the heavier 
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fragments" . Nevertheless, all variables being held constant, 
reproducible results can be obtained.
c. ION -MOLECULE REACTIONS.
These collision reactions occur particularly if the 
molecular ion is basic, or if the pressure is relatively high. The 
cause Is a high concentration of vapour in the neighbourhood of the 
electron beam, and the most usual reaction is the disproportionation 
reaction between the molecular ion and an unionised molecule, viz:-
R+,H + HR « R % 2 + R B
This type of reaction is encountered particularly when the
sample is a metal complex, but it never gives rise to large peaks
-5
as a pressure of 10 Torr, although a relatively high pressure in 
the mass spectrometer, yields a mean free path of about 10 metres. 
Collisions are therefore rare.
d, MULTI‘•CHARGED IONS.
Ions are deflected, not just according to the mass, but 
also according to the charge present. This is, of course, constant 
when one electron is lost but when seven times the energy required 
to ionise an organic bond is available as kinetic energy on the 
ionising electron it is possible that more than one electron will 
be removed from an organic molecule on collision. Doubly- and even 
triply-charged ions form and since their deflection in the mass 
spectrometer is proportional to the charge and inversely 
proportional to the mass the overall result is the observation of
spurious peaks apparently indicating fragments of 1/2 or 1/5 the 
actual molecular Weight. These are normally easily recognised by the 
presence of peaks at non-integral mass numbers.
e. DISADVANTAGES OF POSITIVE ION MASS SPECTROMETRY.
There are four main disadvantages inherent in studying the 
positively charged ions formed by electron impact. These are as 
follows:-
1. The compound often Has no stable molecular ion. This
Is important when working with an unknown compound since in such cases 
the molecular weight is usually unknown.
2. The stereochemistry of a compound does not affect the 
observed spectrum.
5. There is an energy distribution between ions, and the
extent to which this occurs is usually not known.
4. Rearrangements are common, and these render it difficult
or impossible to relate results to the original structure of
an unknown molecule.
These problems can be avoided by several methods, but
none are yet used extensively. Negative ion mass spectrometry is
-3one possibility, but the sensitivity is often about 10 times 
that of positive ion measurement. Low electron energies (about 15 eV) 
are required. Other methods such as field ionisation mass spectrometry 
are dealt with in some detail in reference 66.
f. METASTABLE PEAKS.
These are formed from ions that break down after they 
have been accelerated by the electric field, but before they enter
the magnetic field. As a result they are deflected according to 
their new mass, while their velocity is less than that of particles 
of equivalent weight. The position of the metastable peak in the 
spectrum depends on both the initial and the final weight of the 
fragment according to the formula
where m* is the m/e position of the metastable peak, while 
m^ is the final m/e value of the fragment and m^ is the initial 
m/e value.
Metastable peaks are probably the most important additional 
data available by mass spectrometry, with the possible exception 
of appearance potentials, which are difficult and time-consuming 
to measure accurately. They are unique also in that they alone 
provide evidence that a certain breakdown is occurring, although 
they give no indication of the structures of the fragments.
In the breakdown patterns shown later, observed metastable 
peaks supporting the postulated breakdown steps will be indicated 
by an asterisk at the head of the arrow indicating that transition.
&• ELECTRONIC NOTATION.
67The accepted electronic notation was originated by Shannon . 
Most bond fission is homolytie under mass speetrometric conditions 
and so single-electron movements are shown, using half-headed arrows, 
whenever mechanisms are suggested. For simplicity only one electron 
movement per bond is normally shown; movement of the other electron 
in the opposite direction is implied. See figure 4-1. The positive
Figure 4-1
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CHCH,
HC\
3-ethino cyclopentene
methyl fulvene
Figure 4-3.
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charge is assigned where possible to one atom, using a + sign 
next to the atom concerned or, in the case of residence of the 
charge in the Tr-system, say of benzene, inside the ring. Normally 
the charge resides either In the tt- system of the .ion or on a 
hetero-atom. A free radical is denoted by a dot. Thus the molecular 
ion of a molecule Hi is written R *H since one electron has been 
removed, producing both the positive charge and a free radical.
The radical is normally lost as soon as possible in the breakdown 
by elimination, but elimination of an exceptionally stable 
neutral fragment such as CO or HCN usually takes precedence.
h. APPEARANCE POTENTIALS.
An ion fragments if the energy available is equal to or 
greater than the ionisation potential of the ion. The appearance 
potential is the minimum potential required to detect that ion.
This is often thought to be equivalent to the ionisation potential, 
but in practice it includes also the energy required to break the 
bond and the excess energy of the fragment: the latter can often 
be neglected.
Four methods are used to measure the appearance potential. 
The results obtained vary according to the degree of success 
achieved in compensating for the excess energies, which usually 
involves an extrapolation. It is also possible to provide a nearly 
mono-energetic beam of electrons using a retarding potential and, 
by taking two measurements using different retarding potentials 
and Vg, the energy spread becomes . Calibration is
carried out using argon or krypton, preferably as an internal 
standard.
Appearance potentials can be used to study rearrangements
in the mass spectrometer, and therefore to verify or disprove
postulated fragmentation processes. It was from appearance potential
data that workers first realised that toluene rearranged to the
tropylium ion (see below). In the field of complex chemistry
appearance potentials may be used to yield information about the
ionisation potential of the complex. The heat of formation of the
66
fragment or molecule may also be calculated from this data.
j. GENERAL HJLES.
There are a few observations which are generally useful*
One of these is that loss of CH^ from a fragment does not occur.
If such a step appears to take place it is probable that the 
postulated path is wrong, as the energy required to eliminate such 
a fragment is too great. Indeed, loss of fragments of m/e 3 to 14,
19 to 23 and 30 to 35 are unfeasible using organic compounds, 
since no such fragments can be eliminated.
Reactions requiring the simultaneous scission of more 
than one bond to a carbon atom are unlikely, despite the amount 
of excess energy available, unless a particularly stable neutral 
molecule can be so-formed. Molecules of CO or HCN are lost by 
such a mechanism.
The ’’Nitrogen rule” is often useful in the case of 
unknown compounds. If the molecular ion is of odd molecular weight 
the compound contains an odd number of nitrogen atoms. Nitrogen is 
one of the few elements to have either an odd valency and an 
even molecular weight or the converse. Those elements that do show 
this effect are usually metals such as beryllium and, of course,
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the transition metals with their variable oxidation states.
k. MCLAFFERTY REARRANGEMENT.
This rearrangement is observed in various mass spectra 
such as those of aldehydes, ketones, esters and acids. It is a 
very favourable reaction, energetically, and it is site-specific.
For the rearrangement to take place an oxygen atom and a proton on 
the Y-carbon atom must be presentj if no proton is available in 
this position, for example due to substitution of a methyl group, 
no rearrangement takes place. Due to its prevalence in oxygen- 
containing molecules there is a danger of this form of rearrangement 
being assumed rather than proven. See the chapter "Mass spectra of 
the ligands". The reason for the site-specificity of the rearrangement 
is to be found in the directional nature of the p orbitals of the 
molecule.
A McLafferty rearrangement normally takes place on an 
odd-electron rather than an even-electron ion, although exceptions 
are known. An example of the rearrangement is shown in figure 4-2*
m. BENZYL ION/TROPYLIUM ION REARRANGEMENT.
"One of the most intriguing and important findings in
the field of mass spectrometry has been the discovery that the 
*4*
ion derived from toluene and related benzyl systems is not 
the benzyl ion but the tropylium ion"^.
This rearrangement also occurs during the breakdown of 
the methyl tropolones and it is mentioned in the chapter on the 
mass spectra of the ligands. Recognition of this rearrangement 
arose from anomalous appearance potential data. More empirically,
64eight compounds C^Hg were found to break down identically, 
although their structures were dissimilar. Four of these are shown 
in figure 4-3.
13Deuterium labelling and C labelling using the compound 
shown in figure 4-4 both demonstrate the equivalence and subsequent 
"scrambling” of the constituent atoms in the ring due, it is thought, 
to a series of rapid isomerisations between the benzyl and 
tropylium ion forms.
n. SPURIOUS PEAKS IN THE MASS SPECTRA OF METAL COMPLEXES.
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A report was published detailing observations of 
unexpected peaks in some mass spectra due to the abstraction of 
metal atoms from the surfaces of the ion source and ionisation 
chamber. This often took the form of metal-metal exchange reactions 
with the sample molecules. The effects were noticed mostly on 
initial vapo risation of the sample and on using a new source. The 
normal impurities encountered were nickel or copper-containing 
fragments. In one extreme case using a ferric complex a peak formed 
by the nickel complex was ten times as abundant as the corresponding 
peak for the bona fide ferric complex.
The filament seems to have been the main source of 
contamination, as was demonstrated by rhodium/gold plating and by 
replacement with a copper substitute.
Since this behaviour was observed in the present work in,
for example, all the copper complex spectra (nickel impurity),
especially those run at the higher temperatures, these findings
70are of particular interest. Papers have been published where 
metal exchange has led to the wrong interpretation of the results
obtained.
impurities can also be introduced by inadequate flushing
of the previous sample from the mass spectrometer, especially if
71it is a related compound. Majer and Perry worked with substituted
acetylacetonates and tested first the potassium salt, then a rare-
earth complex of the ligand. It was found that, despite flushing
the mass spectrometer until no spectrum of the first sample could
be obtained, when the rare earth complex was introduced fragments
of the form KM(acac)^"1* were obtained: M corresponds to the rare
earth metal. In the present work the compounds concerned were not
run in sequence, which lessened the problem of contamination. No
71mention was made in the paper of the efforts made to clean the 
sample probe. A trace of the original sample on the probe could 
have been the source of contamination.
o. ABBREVIATIONS USED IN THE TEXT.
In the breakdown patterns of the complexes, to be found in 
Appendix 1, and throughout the discussion, certain abbreviations 
have been used. The letter T denotes the ligand being used: for 
example CuT^ or FeT^ represents the parent compound, and a loss 
of T means the loss of a complete ligand molecule. The 
aminotroponates are shown using the letter A, for example CuA^.
No special distinction is used for the mercaptotroponates. To 
avoid the confusion caused by using the letter M, T is used here.
In the text, also, 4-methyl tropolone, 3“bromotropolone,
3-phenyl tropolone and tropolone are given the abbreviations 
MeTrop, BrTrop, PhTrop, and Trop respectively, as a convenient 
shorthand when writing formulae.
p. INTRODUCTION TO THE MASS SPECTRA OF THE METAL COMPLEXES.
The properties of the metal ion can be expected to have 
a great effect on the breakdown pattern of the ligand, especially 
as CO is normally lost first from a tropolone molecule, therefore 
requiring the disruption of a M-0 bond. In practice, however, an 
oxygen atom is invariably lost first from the ligand. No loss of 
C^H^ has been observed to take place from the molecular ion even 
from the beryllium or aluminium complexes, in which the invariable 
valency of the metal and the free radical on the molecule, which 
is normally lost first or induces a change in the oxidation state 
of the metal, together provide the most favourable conditions" for 
such an elimination. It seems from this that the electron 
delocalisation in the chelate ring on complexing is insufficient 
to counteract the effects of electron delocalisation in the tropolone 
ring. A molecule of CO is therefore lost first, analogous to the 
behaviour of the free ligand, by an elimination reaction.
Nevertheless the metal can have a profound effect on the breakdown 
pattern of the ligand. The beryllium complexes each lose a molecule 
of ketene at one stage, an elimination which does not occur in the 
ligand breakdown, and loss of H^O is observed to a much greater 
extent in the spectra of some complexes than in the ligand spectrum. 
However, the number of complexes yielding a wide range of breakdown 
products is small, the ligand not often being retained to very low 
m/e values. Beryllium is one metal which does show this behaviour, 
but only the second ligand molecule is so-retained. The vanadyl 
complexes can also be induced to give quite an extensive 
breakdown pattern, depending on the conditions under which the 
spectrum is run and the stability of the complex towards heat.
Carbonyl fragments such as VO(CO)1+ , Cu(CO)_+ , and
> J- JL
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AlT^(CO)^ , are found in tropolonate spectra. Those probably arise 
by fragmentation of the ligand, but may form from the M ion and 
uncharged CO by collision in the mass spectrometer. This possibility 
is partly supported by the behaviour of the beryllium complex 
spectra, in which the metal ion is of very low abundance and no 
M(CO)^ fragment is detected. Some spectra, however, show a large
•j* . . *|«
M ion peak but no peak corresponding to the M(CO)^ ion. The 
nickel complex spectrum provides an example of this - rather 
surprisingly, since nickel carbonyl is formed easily under normal 
conditions. The abundances of the MCCO)^* ion in other spectra 
are rather too great, also, to be explained by a simple collision 
theory in the mass spectrometer.
The fragmentation characteristics of the ligand normally 
depend on the oxidation state of the metal atom, When the oxidation 
state of the metal is variable, a lone electron can be removed 
from or replaced on the molecule, therefore controlling the loss 
of odd- or even-electron fragments. This is true particularly of 
the acetylacetonates, from which complexes ketene or water is 
eliminated as an even-electron fragment, while CHy and acac* are 
examples of odd-electron fragments. The same is not neoessarily true 
of the tropolonates as the usual first step involves the elimination 
of a molecule of CO. As this is a particularly stable molecule it 
is often eliminated regardless of the state of the metal ion to 
which it was bonded.
36
Macdonald and Shannon investigated the formation of 
dimeric fragments by injecting a mixture of similar complexes into 
the mass spectrometer. I£hey found that ligand "scrambling" took
place even when the two samples were kept apart. From this they 
deduced that either the ions were formed by ion-molecule reactions 
or the complex was present in the vapour phase as a polymer in 
dynamic equilibrium with the monomer. In practice, with the low 
residence times in the ion chamber and the low pressures, this latter 
explanation can be discounted in favour of the former. Nevertheless, 
a trimeric calcium fragment was detected using negative ion mass 
spectrometry, and the absence of other peaks in the spectrum 
proved that, in this case at least, a polymeric species did form 
in the vapour phase.
37It has been reported that a lack of reproducibility of 
results has been noticed with chromium (III), manganese (II), iron 
(III) and cobalt (III) acetylacetonates. On occasions no parent 
peak was observed for the ferric, cobaltic and chromic complexes.
This was blamed on thermal decomposition or the presence of volatile 
impurities. In the present work the temperature and pressure at 
which the complexes were dried rendered the latter effect extremely 
improbable, except when the spectra of hydrates were being run.
Comparisons of the effects of the metal atoms on the 
breakdown of the tropolonate complexes have been presented in three 
sections in chapter 5* These are sections 5d, comparing the metals 
with invariable valency, 5©* comparing the trivalent metals, and 
5f, comparing the divalent metals. Comparison of the chemical 
properties of these metals is also made in these sections, and 
duplication of the results has been kept to a minimum.
CHAPTER 5.
THE MASS SPECTRQMETRIC RESULTS.
a. MASS SPECTRA OF THE LIGANDS.
The most abundant peak in the spectrum of a tropolone is 
usually the molecular ion. This is unusual in that the presence 
of a hydroxy group in an organic molecule normally decreases the 
stability of the molecular ion. In contrast, however, the molecular 
ion is far more dominant in tropolone than in tropone. This is 
caused by tautomerism in the molecular ion, its corresponding 
electron delocalisation, and its consequent increase in stability. 
Despite this, however, CO is normally lost first rather than 
because the former is an extremely stable molecule.
35Although many tropolones were studied by Djerassi et al" ,  
none of these were carboxylic acids. Chemically, the stability of 
these compounds depends upon the position of the carboxy group. For 
this reason a range of carboxylic acids was prepared with a view 
to observing the effects of the position of the substituent upon 
the breakdown of the ligand when the molecule was subjected to the 
energies involved in the mass spectrometer.
The tropolones studied were:-
I 4-methyl tropolone
II 3-carboxy 4-methyl tropolone
III 6-carboxy 4-methyl tropolone
IV 3>6-dicarboxy 4-methyl tropolone
V  3-carboxy 4-carboxymethyl tropolone
VI 3>6-dicarboxy 4-carboxymethyl tropolone
VII purpurogallin
VIII 4-carboxy purpurogallin
IX 3"Phenyl tropolone
X tropolone
XI 3“bromotropolone
The spectra of compounds (I) to (VI) show similar breakdown 
patterns from m/e 108 downwards (see table 5~l)> but there are 
distinct differences in the range where chemical evidence would 
have suggested similarities. It is noticeable that none of these 
discrepancies affect the spectra below m/e 108, showing that the 
main differences are associated with the breakdown of the tropolone 
ring system. In keeping with this, chemical studies show that the 
stability of the tropolone ring depends on the nature and position 
of the substituents.
In the mass spectrometer 3“c&rboxy, 4-carboxymethyl 
tropolone (V) loses its first molecule of COg to form (II); in 
fact no parent peak is observed in the spectrum, although an 
unambiguous metastable peak corresponding to this breakdown is 
prominent. Similar behaviour is observed with the tricarboxylic acid 
(VII), which forms (IV), but in this ease the parent peak* while 
small, is significant compared with the background. In neither 
case is there any evidence for an alternative reaction path over this 
range of m/e values.
Compound (V) is comparable in some respects to phthalic 
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acid, which has been shown to lose one molecule of COg by an
elimination reaction (figure 5~2), The retention of the deuterium
atom ortho to the remaining carboxy group is shown by the subsequent
loss of OH from that carboxy group. Since the acidic proton in
64
benzoic acid is known to equilibrate with the protons ortho to 
it, it follows that, for the deuterium atom to be ortho to the 
carboxy group, the ratio of OH : OD loss at this stage must be
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1:2. This is found to be the case.
This is not necessarily true for the breakdown of (V ), 
however. The carboxy group in the 4-position is lost and the 
subsequent spectrum is identical to that of the monocarboxylic 
acid so-formed. Nevertheless this step could take place alternatively 
by a McLafferty rearrangement, (figure 5~5). Little observable 
difference would be expected between these two paths since the end- 
product from the McLafferty rearrangement should undergo rapid 
electron rearrangement to re-form the stable tropolone ring.. Any 
attempt to distinguish between the two mechanisms by deuterium 
labelling would be very difficult and, in all probability, 
inconclusive.
The second molecule of CO^ is not necessarily lost 
immediately, however. In the case of (II), 4-methyl tropolone 
is certainly formed (2a-2b), but the favoured route entails the 
loss of HgO, since the percentage abundances of the fragments formed 
by this latter degradation path are appreciably greater than those 
of the 4-methyl tropolone path, which is found from other spectra 
to form very stable fragments. The next step takes place by the 
loss of a molecule of CO (2e-2d).
Loss of HgO from 2a can again take place by two alternative
mechanisms, both involving the loss of the same atoms. One possible
path is shown in figure 5-5 and takes place via a McLafferty
rearrangement. This rearrangement is a c c e p t e d ^ * t o  occur
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in compounds of the type shown in figure 5“4; only Dj eras si et 
al have mentioned that an alternative path such as in figure 5-5 
is feasible.
Occolowitz used carbon labelling techniques on the
carboxy group of salicylic acid and found that the carbon atom was 
retained down to the equivalent of fragment 2e. This he presented 
as proof that a McLafferty Rearrangement was occurring. It will 
be noticed, however, that the postulated formation of an internal 
anhydride (figure 5"5) and subsequent breakdown requires retention 
of this carbon atom (labelled with an asterisk in both breakdown 
patterns) to exactly the same point, fragment 2b . By either 
mechanism it would then be eliminated. Hydrogen labelling is not 
a viable alternative since benzoic acids, as previously mentioned, 
undergo equilibration between the acidic proton and those in the 
positions ortho to it.
While both breakdown procedures can explain the spectrum 
observed, it would be expected that the fragment obtained after 
the McLafferty rearrangement and elimination of H^O would rearrange 
as before to re-form the stable tropylium ring system. Indeed, 
such a rearrangement could be expected to take place in any of the 
fragments formed to fragment 2e.
Very little 4-methyl tropolone is formed in the fragmentation 
of the 6-carboxylic acid (III). Here the tropolone ring is 
attacked preferentially, and carbon monoxide is lost (3c-3e)« This 
is in accordance with thermal observations; (III) melts without 
decomposition, unlike the other carboxylic acids considered, 
providing a good demonstration of the stability of groups in the 
4- or 6- positions on a tropolone ring, in contrast to the 3“ » or 
7-positions.
The fragments lb, 2d, and are all methyl benzenes and, 
as a result, could be expected to rearrange to form tropylium 
ions. Such rearrangements are normally easily observed due to
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the loss of a hydrogen atom which gives rise to a metastable peak 
approximately one mass unit below the peak corresponding to the 
rearranging fragment. This occurs in the 4-methyl tropolone (I) 
spectrum (fragment lb). In practice, apparently, both rearrangements 
occur, each giving rise to different products, namely (id) from 
(lc), and (le) from (lb).
No further rearrangements are observable in the spectra of 
the 3“carboxylic acid (IX), or the 6-carboxylie acid (III), and 
this is presumably due to the presence of electron-withdrawing 
groups on the aromatic rings in fragments 2d and 3e» In fact, 2d 
loses a molecule of CO from the ring to form a 5-membered ring 
(2d-2e) and another molecule of CO is lost (2e-2f) immediately 
afterwards to form a methyl cyclopentadiene. Fragment 3© has a more 
complex breakdown pattern, losing a hydroxy group (3®“3f) or CO 
(3e-3g). An interesting point about the 6-carboxylic acid (III) 
degradation is that the carboxy group is still retained through 
this latter fragmentation. The former step (Je-Jf), involving 
the loss of a hydroxy group from the carboxy group, is followed 
by the loss of a molecule of CO (3f~3h) to form the same methyl 
benzene fragment (lb) as is encountered in the 4-methyl tropolone 
spectrum, and this therefore rearranges and breaks down as described 
above.
The dicarboxylic acid (IV) loses a molecule of COg first. 
The 3~c&rboxylic acid group is lost more readily, which parallels 
the thermal degradation path, but loss of the 6-carboxylic acid 
group does also occur. The presence of a peak at m/e 162 
(corresponding to 2c) demonstrates this point, and an overall 
comparison of the percentage relative abundances in the spectra of
(II), (III), and (IV) confirms this view. The rest of the spectrum
is, therefore, very similar to a combination of those of the
3>- (II) and the 6- (III) carboxylic acids.
Since purpurogallin and 4-carboxy purpurogallin (VIII)
contain two fused rings one would expect these to show a different
breakdown from the compounds already described.
Purpurogallin loses its initial CO from the tropolone
ring. Degradation then proceeds by two steps to 4e (m/e 146),
which still retains a double ring structure; the fragments lost are
HgO (forming 4d) and CO, or CHO (forming 4c) and OH. Two molecules
of CO are lost from 4e to form 4f and then 4g. The latter structure
(m/e 90) with its double ring is preferred to a tropylium ring
analogous to Id, since loss of CO from its precursor can only
reduce the ring size, and fragment 4g finally breaks down to 4j
by loss of C^H^(m/e 39)» whereas the tropylium ion breaks down
by loss of CgHg.
It was expected that 4-carboxy purpurogallin would also
retain its double ring system down to relatively low m/e values.
However, after the initial loss of CO, a fragment C_H,.0_. is
3 ** 3
eliminated, leaving a substituted toluene (5c). Compounds 5d and 
5e are then formed by loss of CO^ and CO respectively. Rearrangement 
of 5d followed by loss of CO gives 5f«
Although 5c is analogous to it is more proton deficient; 
for this reason 5c yields no compound similar to
Despite the retention of the carboxy group initially in 
the breakdown of VIII, the parent peak is only half as abundant 
as 5f end 5s» The most abundant peak corresponds to 5d, doubtless 
due to the rearrangement of this fragment to form tropone.
The breakdown pattern of 3-phenyl tropolone (DC) resembles 
that of purpurogallin more closely than that of 4-carboxy purpurogallin 
in that a double ring system is retained to comparatively low m/e 
values. However, in (DC) only one ring is involved in the 
degradation, while both rings degrade together in (VII), due to 
the number of hydroxy groups present, and the consequent stepwise 
loss of molecules of CO. The breakdown pattern of (DC) also splits 
into two separate and distinct paths dependent on the loss of either 
CO or HgO. Metastable peaks show unambiguously that degradation 
then proceeds only by loss of units of two carbon atoms, keeping 
the two paths distinct.
The degradation of (DC) resembles that of (I) since the 
phenyl group is more stable than the tropolone ring. The first 
steps in the breakdown of tropolone (X) are also identical to (I) 
as the methyl group in (I) is in the inert 4-position, which 
becomes the meta position in a phenolic fragment. The ^“Position is, 
in contrast, very reactive chemically. Nevertheless, 3~bromotropolone 
(XI) loses a molecule of CO first. A second molecule of CO can then 
be lost (8b-8c), but the now-familiar path-splitting again occurs 
with, here, the alternative loss of Br (8b-8e). Perhaps surprisingly,
8c does not lose bromine, but the cyclopentadiene ring is destroyed 
by loss of CgHg (8c-8d). No evidence for the loss of Br from 8c 
exists, but the paths mentioned are all confirmed by metastable 
peaks.
*>• MASS SPECTRA OP THE CCPPER COMPLEXES OF THE LIGANDS.
When analysing the mass spectra of metal acetylacetonates,
3 6Macdonald and Shannon found that the breakdown pattern varied 
remarkably according to the charge on the metal ion. An increase 
or decrease in charge could effectively remove or provide a lone 
electronj this governed whether a neutral fragment or a radical 
was eliminated. While this has been found to be true for all the 
tropolonates studied, the differences in reaction path are often 
only differences of one mass unit,, and are not, therefore, so 
startling. Nevertheless, it is possible to assign charges to the 
metal atom in the various stages of the breakdown.
The only copper complex spectrum reported in Macdonald and 
Shannon’s paper was that of the acetylacetonate, and that spectrum
was typical of an acetylacetonate of the type MT^ • Only six
breakdown products, including the metal ion itself, were reported, 
plus the parent peak and two dimeric fragments Cu^T^ and Cu^T^ .
•{- . p|.
Of the fragments, those corresponding to MT^ ’ and MT^ both 
2+•
contained Cu ions. In the other fragments the copper atoms were, 
with only one exception, singly charged. In the case of the sole 
exception, the four co-ordinating, oxygen atoms were still present. 
The results obtained for the tropolonates bear this out with 
surprising, consistency, in almost all details. The number of 
exceptions, each dealt with below, is very small.
In all cases except one,, mentioned below, the first step 
from the molecular ion involves the loss of a neutral molecule. The 
copper atom can therefore be said to have absorbed the lone electron, 
becoming univalent. This state persists throughout the decomposition
of the first ligand molecule. Indeed, in the case of the 2-phenyl
tropolonate, the fragment CuT^ also appears in that state either
by retaining a proton from the departing ligand or by abstracting
a proton in an ion-molecule collision. The one exception to this is
found in the 3“bromotropolonate spectrum, in which one breakdown
path from the parent peak requires the immediate loss of Br*, thus
cutting down neither the charge on the metal nor the number of
chelating atoms. Loss of the rest of the ligand then occurs to 
II +give Cu (BrTrop)^ , the usual oxidation state at this stage 
of the breakdown.
*4*
Loss of a molecule of CO is universal from CuT^, and it is 
interesting to note that the 2+ oxidation state in retained 
rather than elimination of the radical *CHO, which would reduce 
the charge on the copper atom. This is a noticeable departure 
from the acetylacetonate fragmentation pattern.
The oxidation state of the metal in the smallest fragments 
differs slightly in the spectra of the different complexes. Thus 
the 3-bromotropolonate spectrum shows only copper^"*"-containing 
fragments below Cu(T-28)^+ , as does the 4-methyl tropolonate. The 
tropolonate, however, yields a Cu^-containing fragment with a 
single cyclopentadiene ligandj this fragment occurs in the 
4-methyl tropolonate and the 3“bromotropolonate patterns, but in 
both cases the copper atom is monovalent. The oxidation state of 
the fragment of m/e 204 in the 3“Phenyl tropolonate spectrum is 
uncertain. The extensive electron delocalisation again suggests 
an oxidation state of zero rather than two for the copper atom, 
presumably employing pn-pn bonding, in so far as any single method 
of bonding can be assigned to such short-lived fragments. This
effect is also observed in the 2-aminotroponate spectra, discussed 
later, and appears to be both temperature and path-dependent. The 
4-methyl tropolonate at a comparatively low temparature loses 
•CHO rather than CO although the tropolonate loses CO at a temperature 
80°C. higher. The 3 “bromotropolonate, although run at a comparable 
temperature to the' tropolonate, yields no Cu^ fragment because in 
one of two possible previous steps Br* is lost, lowering the oxidation 
state from 2+ to 1+. Thus it would seem that loss of CO can convert 
the oxidation state from 2+ to 0+, whereas a copper atom in the 1+ 
state is unaffected at this temperature. It is noticeable that this 
effect is observed only when CO or HCN is the fragment eliminated.
The electronic structures of these neutral molecules are similar 
and the electron mobility allows the transfer of two electrons to 
the copper atom during the cleavage of the M-0 bond.
An interesting fragment found in the low m/e region is
I +
that at m/e 91, corresponding to Cu (CO)^ . This fragment is formed 
by all the copper tropolonates studied except the 3-phenyl tropolonate. 
A metastable peak in the 3~bromotropolonate spectrum shows that
•J*
this fragment forms directly from CuT1 . This rules out the possibility 
of the fragment being Cu^C^H^)^*, as the mechanism required to 
explain the formation of this ion is extremely complicated, while 
the fragment so-formed is not particularly more stable than that 
actually formed. If CuCC^H^)^ had been formed it would have 
fragmented from a precursor such as Cu(C^H^)^+, where the mechanism 
for such a step is simple. The lack of any such metastable peak 
in the other spectra is due to the infrequency of this breakdowi 
and the consequent low abundances of the carbonyl fragment ions 
formed.
Apart from considerations of the metal ion, comparison 
of the ligands is interesting. The 3**bromotropolonate yields an 
organic compound of m/e 319 directly from the molecular ion, and 
this contains only one bromine atom. This compound decomposes by 
loss of CO, and then a phenolic radical, leaving a charged molecule 
of 3-bromotropolone. Metastable peaks confirm the origin of these 
fragments. This unusual behaviour is also shown by the copper 
complex of 3“,ca*’boxy 4-methyl tropolone, discussed below.
Another unusual feature in the 3~bromotropolonate spectrum 
is the loss of Br*, rather than the neutral CO, as the initial 
degradation step. This step also occurs in other bromotropolohate 
spectra, but does not take place at all in the spectrum of the free 
ligand. An even more unusual aspect is that none of the possible 
degradation paths at this stage involve loss of CO. Although the 
oxygen atoms are co-ordinated to the metal atom the molecular ions 
of the complexes usually Ipse CO preferentially. Ip these respects 
therefore the 3~bromotropolonate differs from all the other 
tropolonates considered. The 3-position is presumably weakened by 
charge transfer effects in tropolonate complexes. It is noticeable 
that the 3“Pbenyl tropolonate is, for all practical purposes, 
unaffected, since the substituent is electron-releasing. Loss of 
CO does occur, however, from the ion Cu(BrTrop)^ .
With the exception of the 3~phenyl tropolonate spectrum,
all the complex spectra yield peaks above the molecular ion peak,
+ 4*
corresponding to Cu^T^ and Cu^T^ . In the case of the 4-methyl 
tropolonate spectrum these were too small to measure, but in the 
tropolonate and 3“bromotropolonate spectra this was no problem.
Copper 3“Pbenyl tropolonate, instead of losing the
expected molecule of from Cu(l4l)^+ to give Cu(115)^+
(m/e 178), loses to give Cu(l02)^ (m/e 165). As the precursor 
contains a ligand fragment with a rich n-bonding system, however, 
the observation is quite easily explained. The ligand fragment 
formed is a substituted acetylene, and its acidity is therefore much 
greater than would have been the case should the fragment of 
m/e 115 have been formed. The 3**phenyl aminotrop-2-onate shows no 
such reluctance to form Cu(115)^ and no Cu(102)^+ forms. The 
reason for this must lie in the reaction conditions, since neither 
oxygen nor nitrogen is present in the precursor in either case: 
after the initial loss of the heteroatoms, that is, from m/e 165* 
the mass spectra of the two ligands are virtually identical. The 
source temperature was 60°C. higher for the 3~Phenyl tropolonate 
than for the corresponding aminotroponate.
The basic difference between 3~substituted and 4-substituted 
tropolones may be seen in these results. The 3~substituent often 
plays a major part in the breakdown pattern due to the reactivity 
of this position, whereas the 4-substituent tends to have no 
effect on the breakdown path. It is true that the 4-methyl 
substituent forces a rearrangement to form a tropylium ion, but 
by then the unreactivity has been lost along with the seven- 
membered ring. The rearrangement is in any case specific for a 
methyl benzene and the nature of the starting material can not 
influence this. While this rearrangement is observed in the spectrum 
of the ligand and is recognised by a metastable peak due to the 
loss of one hydrogen atom, it does not seem to take place in the 
breakdown of the complex. Not only does the corresponding metastable 
peak not appear, but the breakdown pattern of the complex observed
shows no evidence for the loss of from this point. The ligand
fragment concerned must be a proton-deficient benzene fragment 
if a rearrangement takes place, or a methyl cyclopentadiene otherwise. 
The latter is appreciably acidic, so the change in acidity brought 
about by loss of would be expected to disrupt the whole complex,
and no peak corresponding to the unstable product would then form.
This is not valid if the fragment .is benzenoid, however, since the 
benzenoid fragment is no more stable as a ligand than the ion 
formed from it by loss of C^H^. If, then, the observed peak 
indicates that the benzenoid fragment is complexed a peak would be 
expected to form corresponding to a fragment containing the 
breakdown product as a ligand. This deviation from the ligand 
breakdown pattern is caused by the chelation of the m-cresol 
fragment to a copper atom in the 2+ oxidation state, rendering the 
rearrangement impossible.
The copper complexes of the 4-methyl tropolone carboxylic 
acids give variable mass spectra according to the method of their 
preparation. In general the compounds obtained were too polymeric 
to afford a good breakdown pattern. Complexes with 3-carboxy 4-methyl
tropolone and 6-carboxy 4-methyl tropolone yielded peaks corresponding
+ + 
to Cu(MeTrop)^ and Cu(MeTrop)2 , each being about in abundance.
Both complexes prepared were soluble in ethanol but in 
both cases the microanalysis result indicated appreciable cross- 
linking with copper (II) ions between the carboxy groups in the 
compound.
A copper complex of 3“carboxy 4-carboxymethyl tropolone was
- s>
prepared which melted at 246 C., instead of decomposing as a solid 
as the other samples did. The spectrum of this complex showed
The fragment. Cuj 129)^,
Figure 5-6.
peaks due to the CuCMeTrop)^*"' and Cu(MeTrop)^+ fragments, but 
peaks formed by an ion Cu(179)*^(l62)^ (m/e 404) were also present. 
The probable structure of this fragment is shorn in figure 5**6.
No other copper-containing fragments were found above m/e 335 > 
Cu(MeTrop),-,+, although a few fragments were observed below this 
m/e value, all of which appeared, in the copper (II) 4-methyl 
tropolonate spectrum, In addition to these peaks there were some 
peaks caused by a nickel complex impurity. None of these peaks 
corresponded to carboxy fragments but began at Ni (MeTrop)^"5" and 
appeared at many other m/e values characteristic of the nickel 
4-methyl tropolonate spectrum. A test With dimethyl glyoxime showed 
that no nickel was present in the complex itself; it therefore
follows that the metal was picked up from the ion source, as has 
been reported previously and discussed in the introduction to mass 
spectrometry. The other complexes of the 4-methyl tropolone 
carboxylic acids also show this effect to a variable extent and 
it seems that the high source temperature permits attack by free 
4-methyl tropolone, formed by the thermal decomposition of the 
carboxy complex. Both the copper-containing and the nickel- 
containing fragments are shown in line diagram form in Appendix 
2.
The breakdown pattern of the copper complex of ^“Carboxy 
4-methyl tropolone, despite its paucity of metal-containing 
fragments, is unique among the carboxylic acid complex spectra in 
that an organic molecule of m/e 252 is formed during the breakdown.
This loses two consecutive molecules of CO, then apparently splits 
into two smaller fragments which both occur normally. The 
apparent structure and breakdown is included among the breakdown 
patterns in Appendix 1. The precursor is abundant in the complex, 
and is likely to break down thermally in this manner.
The breakdown depends on the formation of two free radicals, 
one on each ligand molecule. Other molecules, with one or no free 
radicals yield Cu(MeTrop)g+ ’. The other carboxylic acid complexes 
do not show this effect because they either have more potential 
sites for free radical formation, in the form of extra carboxy 
groups, or the groups are not conveniently situated sterically.
The formation of unusual organic fragments from organometallic 
molecules, while not unknown, is uncommon and therefore such 
fragments must be clearly identified. This is easy in the above 
cases since both deviant fragments are easily identified and both
merge back into the normal breakdown pattern# The formation of the 
organic fragment from copper 3-bromotropolonate, discussed above, 
is supported by metastable peaks, but unfortunately this is 
impossible with the ^-c&rboxy 4-methyl tropolonate product because 
all the high molecular weight fragments are of low abundance, and 
the critical step is the thermal decomposition of the polymer 
rather than a mass spectroscopic fragmentation. The possibility 
of the ions being caused by impurities can be discounted since 
impurities rarely have such a high molecular weight and never 
disappear back into the normal breakdown pattern of the complex and 
the ligand. No unusual peaks are observed below m/e 196.
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C. COMPARISON OF THE LIGANDS USING OTHER COMPLEXES,
1. Beryllium (II)
The first ligand molecule is always lost easily, before 
it breaks down extensively. A molecule of CO is lost first, followed 
by loss of the remaining ligand fragment. The 4-methyl tropolonate 
spectrum shows loss of a further molecule of CO but the relative
4-
abundances of BeT^ , the initial fragment and the final fragment
show that the path is unfavourable. Neither the tropolonate nor
the 4-methyl tropolonate spectra show any evidence for the elimination
of a complete ligand molecule at this stage. The ^-phenyl tropolonate,
however, does lose a full ligand molecule from the molecular ion,
a metastable peak confirming this step.
+ +
Prom BeT^ to Be the breakdown pattern is extensive and
varied; as well as the usual breakdown pattern via loss of two
molecules of CO the 3“Phenyl tropolonate can lose HgO or
(ketene) from BeT^+ . The tropolonate and 4-methyl tropolonate can
also lose a molecule of ketene at this stage and in the latter
case the fragment formed then loses a molecule of CO followed by loss
of CgHg. The tropolonate, after loss of ketene, also loses CO, but
no evidence of this is observed in the phenyl tropolonate spectrum.
Beryllium tropolonate does not lose a molecule of water
from BeT^ , but the 4-methyl tropolonate provides indirect evidence
for this step due to the formation of a metastable peak corresponding
4*to the double loss of H^O and CO from BeT^ . Loss of H^O alone 
from the BeT^ ion is therefore only energetically feasible when
3 -phenyl tropolone is the ligand. This behaviour can be explained 
in terms of the large proton loss which this elimination involves.
Since the 3-phenyl tropolone and beryllium 3-phenyl tropolonate 
spectra both contain metastable peaks due to the loss of one or 
two hydrogen atoms from the respective parent peaks it is obvious 
that the complex is proton-abundant and it can therefore lose 
HgO with ease. Even the 3~phenyl tropolonate spectrum, however, 
provides no metastable peak to confirm the breakdown path.
One peak found in both the tropolonate and 4-methyl 
tropolonate spectra is not easily assigned. It occurs in each
•j-
spectrum twelve mass units below the BeT^ peak and, as a result, 
can only be a beryllium-containing ion. Loss of a fragment with a 
mass number of three is impossible and the fragment can not, therefore, 
be formed from a ligand molecule.
This partial assignment of the fragment as a beryllium- 
containing ion is not particularly helpful, however, since the
4.
formation of the ion from BeT^ involves the loss of twelve mass 
units. A loss of CH^ has been considered above and been discounted 
as being energetically unfeasible due to the need for scission of 
two carbon bonds simultaneously. The loss of a carbon atom, as 
required for the step under consideration, involves breaking four 
bonds simultaneously and must be considered impossible, even if the 
loss arises from extensive rearrangement of the decomposing 
molecule. No metastable peak in either spectrum corresponds to a 
transition from any of the observed fragments to the unassigned 
fragments, but as the latter are of low abundance (6$ in the 
4-methyl tropolonate spectrum and only 3% in the tropolonate 
spectrum) this is not surprising.
One possible alternative breakdown mechanism is via the
+ +
undetected oxyberyllium complex fragment (BeOT^) or (BeT^.OH) *.
Loss of CO or CHO respectively from such a fragment would produce 
the unknown fragment. No metastable peak for this path can be 
expected, and the lack of a peak corresponding to the oxytropolonate 
is explained by postulating that such a fragment is unstable. No 
evidence has been found to suggest that oxyfeeryllium (II) fragments 
occur elsewhere in the breakdown pattern. Neither are any further 
fragments observed to form from these fragments, a particularly 
significant observation since the loss of carbon from 4-methyl 
tropolone by rearrangement would form tropolone as a ligand, and 
the breakdown pattern corresponding to this fragment would be 
observed in low abundance in the spectrum. No further fragments 
common to the beryllium tropolonate spectrum are detected in this 
spectrum, however.
2. Nickel (II).
Both ligand molecules in turn fragment by loss of two
consecutive molecules of CO. There is no evidence of ligand
molecules breaking initially by loss of H^O or indeed,
by any mechanism other than the loss of CO. The methyl phenolic
fragment formed from 4-methyl tropolone, when complexed, does not
rearrange to form tropone, unlike the corresponding fragment from
the free ligand. This effect is also noticed in the copper and
beryllium complex spectra, and is due to the electron-withdrawing
12nature of the M-0 bond. Nickel tropolonate shows evidence for the 
fragmentation of both ligand molecules simultaneously, but again 
there is no initial breakdown path observed other than via loss 
of CO.
The nickel tropolonate and 3“Phenyl tropolonate both
•J*
show evidence for the formation of the dimeric ions Ni^Tg and
NigT^ , The spectrum of the 4-methyl tropolonate yielded a peak of
very low abundance (less than 1% for NigT^*), but no peak
*4*
corresponding to Ni^T^ , The formation of polymeric ions is not 
necessarily indicative of ,a polymeric complex since most tropolonates 
are monomeric in the vapour .-state and these peaks usually form 
by ion-molecule collisions in the ion chamber. The low abundances 
of these ions are themselves a confirmation of their origin.
A peak analogous to Cu(C^H^)^ in the copper (II) 4-methyl 
tropolonate spectrum was found in the spectrum of the nickel 
Complex. This may be formed from either complex by the loss of 
CgHO or GgH^O from an earlier fragment, but the assignment is 
uncertain due to the lack of &. corresponding metastable peak. The 
fragment can also form by the successive loss of molecules of CO,
HgO, and from the ion, although in this spectrum no
evidence exists for the loss of a water molecule at any stage of the 
breakdown. Nevertheless this is the more likely path, loss of a 
water molecule probably giving rise to a fragment ion comparable in 
stability with BeT.OH , discussed previously.
3. Vanadyl complexes.
All three of the tropolonate complexes studied lose CO
or CHO from the molecular ion, and metastable peaks confirm the
loss of a complete ligand fragment as an .alternative step; No
evidence is observed for the loss of H^O or from the molecular
ion. The 3-pbenyl tropolonate can lose a phenyl group initially,
however, although the fragment detected may be formed by thermal
decomposition! the instability of the pressure in the mass spectrometer
showed that thermal decomposition did in fact take place. The same
+complex gives rise to a peak corresponding to VOT.OH , presumably
formed directly from the molecular ion, although no metastable 
peak is present to confirm the step. This fragment may also be 
formed by thermal decomposition since it is not observed in the 
spectra of the other vanadyl complexes. A metastable peak is present 
in the 2-phenyl tropolonate spectrum corresponding to loss of a 
proton from the molecular ion, in common with the spectra of the 
ligand -and the beryllium complex.
From fragment VOT^ the 3“Phenyl tropolonate only loses 
a molecule of CO. The tropolonate and 4-methyl tropolonate both 
yield peaks corresponding to VO.OH, apparently formed directly 
from VOT^ , and a metastable peak is observed in the tropolonate 
spectrum corresponding to the loss of a full ligand molecule,
4.
yielding VO . In addition, both the tropolonate and the 4-methyl
+
tropolonate lose CO from VOT^ , analogously to the 3~phenyl 
tropolonate, and fragments from this second ligand are retained 
to low m/e values.
With vanadyl tropolonate, loss of CO^ from the VOT^ ion 
also takes place. Both oxygen atoms involved may originate on the 
ligand but one may be the vanadyl oxygen atom. For discussion on 
this point see the section on comparison of the metals. The 
fragment formed contains a benzene molecule, which loses CH^ to
4.
form C^Hy  and this is lost in the next step, leaving VO . A
metastable peak shows that the preferred path entails the expulsion
of the benzene molecule before it loses CJHL.
d d
Although none of the breakdown paths for either ligand 
entail the loss of a molecule of water a peak appears in the 
4-methyl tropolonate spectrum corresponding to the loss of both 
CO and H^O. Whether this is in fact the order in which the fragments
-ll£-
are lost, or whether the intermediate formed by loss of H^O is 
too unstable to be detected is uncertain. No loss of CO2 is 
observed in this spectrum although a moderately large peak exists 
at m/e 44 (33$ abundance). The step which apparently involves the 
loss of CO and H^O may in fact take place by loss of C02 and H^, 
or alternatively the peak at m/e 44 could be formed by thermal 
decomposition, to which vanadyl complexes are particularly prone. 
From this breakdown two distinct paths emerge, separated by one 
carbon atom throughout, due to the successive loss of C^ units, a 
behaviour also observed in the breakdown of 3”Phenyl tropolone.
-11.7-
d. COMPARISON OF COMPLEXES WITH METALS OF INVARIABLE VALENCY.
(i) Comparison of the tropolonates with the acetylacetonates.
A. Vanadyl (II)
The vanadyl complex does not fit in any particular
category, but as the metal atom has an oxidation state of four it
has been placed in this section for easy comparison with thorium.
The oxovanadium (IV) ion is probably the most stable 
72
dibasic ion known. In some cases there are similarities with the
4 + 1  2 + 9
cupric ion, since V  has a d configuration while Cu has a d
configuration. The V-0 bond energy is higher than the corresponding
2+ 2+
M-0 energies in the complexes of UO , Cu , etc., with the exception
of the Th-0 bond energy, which is roughly equivalent. This
equivalence is of particular significance as the tropolonates merit
comparison for other reasons.
32
White and Selbin prepared, among other tropolone-
containing vanadium complexes, a green, monomeric vanadyl tropolonate,
decomposing at 122°C. This was soluble in a greater range of solvents
than the polymeric complex prepared here - it was also hydrolysed
73by water. The acetylacetonate is monomeric in the solid form,
square pyramidal, and more stable than the copper complex, itself
the most stable of the complexes commonly prepared. Vanadyl
72 74acetylacetonate is an easily-synthesised 9 blue-green, crystalline 
complex soluble in ethanol and sparingly soluble in water. In 
these solvents it oxidises slowly. The tropolonate prepared here 
was blue-black and insoluble in chloroform and benzene, although 
soluble in ethanol. In this respect vanadyl tropolonate differs 
appreciably to the copper (II) complex, which is appreciably 
soluble in chloroform, although only sparingly so in ethanol. For
2+further details of YO complex chemistry see the relevant section 
in the chapter "Discussion of Preparative Work".
B. Thorium (IV).
As was mentioned above, the M-0 bond energy of thorium 
(IV) complexes is equivalent to that of vanadyl (II) complexes,
*4+and much greater than most M-0 bond energies* The Th ion is more 
resistant than other quadrivalent ions to hydrolysis, but in 
aqueous solution above pH 5 it undergoes extensive hydrolysis. It 
forms many complexes due to its high chargej these may also be 
partly hydrolysed and polymeric. The tropolonate ThT^ is thought 
to be monomeric. It is soluble in chloroform, but not in benzene, 
and it is sparingly soluble in methanol. The melting point of the
4-methyl tropolonate is 30Q°C,, but decomposition takes place 
below this, at about 275°C. Adducts are formed easily with such 
ligands as water and dimethyl formamide. Indeed, a co-ordination 
number of 9 appears more stable than one of 8, due to the compact 
nature of the tropolone ring and the high charge on the large 
metal atom. The water adduct ThT^.H^O is stable at 100°C., under 
vacuum at a water pump.
A co-ordination number of 9 is unknown with the 
acetylacetonates, particularly the substituted acetylacetonates, 
due to the bulkiness of the ligand. Thorium acetylacetonate has 
two crystalline forms and is much more soluble in organic solvents 
such as benzene, toluene, and chloroform than is the tropolonate.
Toluene, not the best solvent, dissolves 25 g. of the acetylacetonate
75 75in 100 g. of the solvent . The preparation of the acetylacetonate
is standard, the complex has a melting point of 171°C., and it is
decomposed easily by acids.
C. Aluminium (III).
Aluminium tropolonate has a high melting point (above 350°C .)
and is soluble in the normal solvents (benzene, chloroform, acetone,
etc.). Chemically, it is a typical tropolonate, being prepared
without difficulty as an anhydrous octahedral complex. The
acetylacetonate is also prepared by a standard method - the addition
of acetylacetone in 6N ammonium hydroxide solution to an aqueous
solution of aluminium sulphate. Its melting point is 195°C.,
and it boils at 3I5°C. at atmospheric pressure. Although thermally
stable, it is decomposed by hot water, acids or alkalis, in marked
contrast with the tropolonate. The latter is attacked by acids and
alkalis, but only extremely slowly. For this reason difficulties
76were encountered in carrying out thermochemical measurements 
on aluminium tropolonate and 4-methyl tropolonate. Although 6N 
pier chloric acid dissolved the complex, relatively long reaction 
times were observed, and weaker acids were even less satisfactory.
D. Beryllium (II).
Like the aluminium (III) ion, the beryllium (II) ion is
amphoteric. The acetylacetonate is tetrahedral, as is expected with
beryllium, and as a result the metal is better shielded by the
ligand than In the other, divalent metal complexes considered. This
leads to increased solubility in organic solvents - beryllium
acetylaqetonate is even soluble In petroleum ether to some extent.
Although beryllium (II) complexes must be tetrahedral
due to the electronic structure of the ion, while tropolone
usually forms square planar or octahedral complexes due to its
rigid structure, beryllium tropolonate forms easily in a pure form, 
o
It melts at 210 C., a comparatively low temperature for a
-120--
tropolonate, and is appreciably soluble in benzene as well as in 
more polar solvents such as chloroform and ethanol. The 
acetylacetonate melts at 109°C.,^ and boils without decomposition 
at 270°C. It decomposes as easily as aluminium acetylacetonate 
in water, acids, and alkalis, whereas the tropolonate dissolves 
only slowly in 3>N sulphuric acid.
E. Zinc (II).
Chemically, the zinc (II) ion shows a greater resemblance
to beryllium (II) than to the other members of group IIA. The
amphoteric nature of the ions and the ionisation potentials of the
metals are similar. The chemical stabilities of the complexes are,
however, different due to the 6-co-ordinate nature of the zinc (II)
ion. This renders zinc complexes susceptible to chemical attack,
as well as to the formation of anions to the form! Zn(ligand)^
and adducts such as Zn^cac^.H^O. Thermally, too, zinc
acetylacetonate is unstable, being found to decompose readily at 
o 79
191 C* The acetylacetonate must be recrystallised from an 
acetylacetone/petroleum ether mixture to avoid hydrolysis of the 
complex, unlike the other acetylacetonates compared, which may 
be recrystallised from benzene or methanol. The complex melts at 
138°C. and is prepared by dissolving freshly-prepared zinc 
hydroxide in an acetylacetone/water mixture^.
Although that method has been used to prepare zinc 
tropolonate, which does hydrolyse slightly in aqueous ethanolic 
solution, the complex may be prepared by normal methods. It forms 
as a hydrate, analogous to the acetylacetonate, which on drying 
yields an anhydrous polymer, virtually insoluble in normal solvents. 
Solvents such as pyridine and dimethyl formamide dissolve the complex,
presumably forming adducts* The melting point of the anhydrous 
complex is 280°C.^, and, the adduct decomposes around lj50°C.
(ii) The beryllium tropolonates.
Although the spectra of the beryllium complexes have already 
been discussed in terms of the breakdown of the ligand molecules, 
they provide at least as much information about the metal ion and 
the stability of the complexes.
The most noticeable aspect of the spectra is the lack of
abundant peaks. Due to the stability of the fragments BeTg * and
BeT^ the rest of the spectrum, including the ligand peaks, is
of low relative abundance. The largest ligand peak in the 3-phenyl
tropolonate spectrum is at m/e 152, and this has an abundance of
12$. In both the tropolonate and 4-methyl tropolonate spectra the
largest ligand peak is at m/e 391 "the abundances are 14$ and 25$
respectively. A side-effect of the stability of ^hese beryllium-
containing fragments is observed in the low abundance of the molecular
ion of the ligand - normally one of the largest of the ligand
fragments* The relative abundances of the ligand molecular ion in
the 5-phenyl tropolonate and 4-methyl tropolonate spectra are 8$
and 5$ respectively, while the fragment is not detected at all in
+ +
the tropolonate spectrum. The stability of the BeT^ * and BeT^ ions 
is particularly surprising since the oxygen atoms around the 
beryllium ion must be arranged tetrahedrally, while the rigidity of 
the tropolone ring normally forces a complex into a square planar 
configuration. The strain which would therefore be expected in 
the molecule dops nqt appear to affect the stability of the 
complex.
(a) Beryllium 3-phenyl tropolonate.
This complex provides the spectrum showing the closest
similarity to those of the complexes with other metals. No polymeric
fragments such as Be^T^ or BeT^ are noticed. The first ligand
molecule is lost, easily, a metastable peak indicating that a full
ligand molecule can be lost in one step...The alternative loss of
CO from the molecular ion requires-the retention of the free
electron, and the peaks corresponding to fragments formed by this
path are understandably small. The low abundance of the breakdown
fragments is, however, also observed during the fragmentation of
the second ligand molecule. This simply emphasises the stability 
+•
of the BeT^ fragment, which, despite the presence of a free
electron on the molecular ion, is still less abundant than the BeT^ 
ion.
(b) Beryllium tropolonate and 4-methyl tropolonate.
These two complexes are very similarj both form a BeT^
ion and neither shows any evidence for the loss of a full ligand 
molecule from the molecular ion - a very unusual observation 
since metastable peaks are abundant in the spectrum. Other complex 
spectra normally provide large metastable peaks corresponding to 
this breakdown path. With both complexes the 2+ charge is retained 
by the beryllium ion although loss of CO from the molecular ion 
requires the free radical to be retained through this step. A 
second molecule of CO is not normally lost from this ion, as is 
shown by the low abundance of the peak from the fragment so-formed. 
The preferred breakdown step permits loss of the free radical by 
elimination of the remainder of the fragmenting ligand.
Both complexes yield a comprehensive breakdown pattern for
the loss of the second ligand molecule. An unstable fragment is 
formed by the loss of the first oxygen atom from the ligand as 
a molecule of CO. Prom this fragment a second molecule of CO is 
therefore lost easily, as is shown by a metastable peak corresponding 
to the loss of two molecules of CO almost simultaneously from
BeTl ‘
A characteristic of the fragments formed during the 
breakdown of the second ligand molecule is the uniform abundance 
of the peaks so-formed, most of which are between 3$ and 10$ 
abundant. The ligand fragments are mainly hydrocarbon fragments 
such as Cf-Hj_, C^H^, C^H, and C^ H^ -, which are not usually expected 
to bond easily to a metal ion which cannot form n-bonds under 
normal conditions.
(iii) The aluminium tropolonates.
The breakdown pattern of aluminium 4-methyl tropolonate 
shows little similarity to that of any other complex studied. No 
large ligand fragments appear to be bonded to the metal ion, and 
none of the metastable peaks correspond to a fragmentation path 
forming such a molecule, the bulk of the ligand always being lost 
first. Thus there is no evidence for the loss of CO, H^O, or 
from any of the ligand molecules, and no ligand molecule shows a 
particularly detailed breakdown pattern. The largest metal-
•j"
containing fragment is, as expected, AIT^ , since the metal ion 
in this fragment is in the 3+ state and the lone electron has been 
lost. The next largest metal-containing fragment is the molecular 
ion, which has an abundance of 10$. This behaviour is characteristic 
of the complexes of metals with an invariable valency, although
most complexes do provide a greater number of abundant peaks than 
this spectrum shows.
The low abundances of the other fragments in the spectrum
aro indicative of the stability of the complex, and particularly
+
the stability of the AIT^ ion, rather than the quality of the
spectrum. A poor spectrum can often be obtained due to the temperature
at which it was run causing decomposition or insufficient 
vapourisation. In either case the ligand spectrum is usually much 
more abundant than the largest metal-containing ion.
The largest ligand peak in the spectrum is at m/e 78,
and is of only 36$ abundance. The aluminium complex is the only
4-methyl tropolonate in which the peak of m/e 78 is the most 
abundant ligand peak formed, although in the chromic, cobaltous 
and ferric complex spectra the peaks at m/e 77 °r 79 are the most 
abundant ligand peaks.
(iv). Thorium 4-methyl tropolonate.
The first ligand molecule is lost immediately without 
forming any breakdown intermediates, and this results in the 
immediate removal of the odd electron from the ion. The molecular 
ion is of only 3$ abundance while the ThT^ ion formed by this 
breakdown step is the most abundant ion in the spectrum. The second 
ligand provides the most detailed breakdown pattern. Consecutive 
loss of two molecules of CO, followed by the remainder of the ligand, 
takes place. An alternative path involves the loss of the complete 
ligand, while most of the ligand can be lost with retention of 
OH instead; in this latter case the OH fragment is retained while 
the third ligand molecule breaks down.
+
The fragment ThT^ does not exist in this form* Although 
protonated and deprotonated peaks corresponding to this fragment 
are observed no peak forms at m/e 502 representing this ion.
Instead the molecule becomes doubly charged and yields a large peak 
of m/e 251, in abundance* The reason for the formation of this 
ion lies in the invariable valency of the metal ion. As has been 
shown with the beryllium and aluminium complex spectra various 
effects are observed with complexes of the metals with invariable 
valencies since the normal breakdown pattern is modified. The 
exact modification observed depends, however, on many factors, such 
as the charge on the metal ion, the extent of the charge transfer 
effects taking place, electron shielding, the normal breakdown 
pattern of the ligand, and the weight of the metal ion. In this 
particular case, protonation and deprotonation occur, fragments 
become doubly charged or, in some cases, ions retain OH from the 
fragmenting ligand.
| |
The doubly charged ion ThT^ can break down via two 
degradation paths. Either a molecule of CO is lost, followed by 
the loss of most of the remaining ligand and retention of the 
oxygen atom, or the full ligand molecule, with the exception of 
the oxygen atom, is lost in one step. Both paths form the fragment 
ThOT^ , the second most abundant metal-containing ion {2h%) in 
the spectrum. This fragment is also formed by degradation of the 
ThT^.OH ion, formed from ThT^ , as described above.
The last ligand molecule forms an ion bearing a marked 
resemblance to VCT^ , but very little is observed of the breakdown 
of this molecule, unlike the corresponding ion in the vanadyl 
complex. Only one path appears to be followed - the loss of CO,
followed by loss of most of th,e remaining ligOhd, OH being retained 
by the metal atom. This is very similar to the breakdown pattern 
of ThTg . No other metal-eontaining fragments are observed.
The largest ligand fragments in this spectrum are those 
of m/e 107 (26/ abundance) and 91 (24/ abundance). The ThT^+ ion 
therefore dominates the whole spectrum. Although the vanadyl complex
•j-
spectrum shows the existence of the non-oxygenated fragments VT^ , 
VTg and VT^ , the thorium complex never loses any oxygen atom 
acquired during fragmentation of the ligands.
The spectrum of the thorium complex only shows a brief 
similarity to any one other spectrum. Like the aluminium complex, 
it can lose most of a ligand molecule and retain OH or 0. The 
thorium atom also retains its original charge, as do aluminium, 
beryllium and manganese. The loss of the first tropolone molecule 
in its entirety is similar to the behaviour of the ferric complex. 
The differences, such as the formation of a doubly-charged ion, are 
of more interest, however, as they provide indications of the effect 
that a large concentration of charge on the metal atom can have on 
the breakdown pattern of a metal complex.
(v). The vanadyl tropolonates.
These complexes show a superficial similarity to the
thorium complex. In both complexes the metal ion has an oxidation
state of four, and the thorium complex forms oxy-compounds such as 
"t"
ThOTg in the mass spectrometer. Otherwise there is little
similarity between the complexes. The vanadyl complexes all form a
*4* +
backbone of non-oxygenated ions VT^ , VT^ and VT^ , although 
no metastable peaks are observed to explain the formation ;
or breakdown of these fragments. See also section 5g> containing 
a discussion of the mass spectrum of vanadyl 2-mercaptotroponate.
(a) Vanadyl 3-Phenyl tropolonate.
Loss of the first ligand molecule is initiated by elimination 
of CO, which is accompanied by a change in the oxidation state of 
the metal ion from 4+ to The second ligand molecule, in 
contrast, fragments with a change in the oxidation state of the 
metal from 4+ to >f, down to the carbonyl fragment VO(CO)^+ . The 
largest metal-containing ion is the molecular ion, while the VCT^ 
fragment is of 65$ abundance. The abuhdances of the ligand fragments 
under these conditions are not characteristic of the complex due 
to instability of the pressure in the mass spectrometer, caused by 
thermal decomposition of the complex.
The molecular ion loses a proton prior to breakdown, as 
does the beryllium complex, as a metastable peak shows. This effect 
is characteristic of the ^“Phenyl tropolonate spectra; while the 
free ligand shows the same effect, vanadyl complexes with the other 
ligands prepared do not.
(b) Vanadyl tropolonate and 4-methyl tropolonate.
These complexes are very similar and they give similar
mass spectra. Both spectra contain peaks corresponding to the
vanadium complex fragments V^T^’*", VgT^+, VT^+, VT^, and VT^+ .
In addition the tropolonate spectrum, the more detailed of the two,
4* 4*provides peaks for the fragments (VO)gT^ and (VO^T^ . The most
4.
abundant metal-containing fragments in the spectra are VOT^ * and
4.
VOT^ , both being above 90/ in abundance and one of these being 
the base peak in each spectrum. The largest ligand peak in the 
tropolonate spectrum is that at m/e 65 (72$ abundance), but the
parent ligand peak was the largest ligand peak (55$ abundance)
in the 4-methyl tropolonate spectrum, an indication of the poorer
quality of that spectrum, and an indication that decomposition is
occurring. A peak at m/e 44, of 53$ abundance, upholds this theory
since it corresponds to the formation of CO^. There is only one
possible degradation step in which this molecule may form, along
with H^> but separate molecules of CO and H^O may be eliminated
instead, as in other complex spectra. The CO^ observed could also
be formed either by thermal decomposition or during the formation of
the vanadium fragments mentioned above.
The spectrum of the tropolonate also contains a peak at
m/e 44 but this appears to form from VOT^+ to yield what could
be a vanadium (IV) ion or a vanadyl fragment, according to the
origins of the oxygen atoms lost. The latter form is shown in the
breakdown pattern and this seems more likely since a metastable
peak exists corresponding to a fragmentation step from the resulting 
“1*
ion to VO , This evidence is not sufficient to prove the assignment
since the alternative fragment V(CgHgO)+ can also break down by
loss of CgHg and retention of the oxygen atom in a manner similar
to the thorium complex breakdown pattern. The V=0 bond must play
a part in the elimination of CO, possibly forming a bonded
intermediate with the organic ligand. Isotopic labelling of the 
18
complex with 0 is the only method available by which the exact 
role of the V*=0 bond can be determined.
(vi) The zinc (II) 4-methyl tropolonates 
(A. anhydrous, B. hydrated).
These are the only spectra in which the first ligand
fragments more comprehensively than the second; this is due to
the loss of *CHO from the molecular ion instead of the even-
electron CO normally lost at this stage. From this point only
+
even-electron fragments are lost down to ZnT^ . The oxidation 
state of 2 on the zinc atom, therefore, does not change. Both the 
hydrate and the anhydrous complex behave identically at this stage. 
Differences between the mass spectra are observed, however, 
particularly in the formation of polymeric fragments. The spectrum 
of the hydrated complex shows no evidence for the formation of 
polymeric fragments. The polymeric anhydrous complex, however, 
yields the fragment Zn^T^, of 0.5$ abundance, although since a 
range of isotopes exists the total abundance of this ion is 
appreciably higher. In the spectrum of the anhydrous complex the
largest peak formed by a metal containing fragment corresponds to
+ 4*
ZnT^ , of 85$ abundance, followed by ZnT^ *, of 75$ abundance.
The corresponding peaks in the hydrated complex spectrum are of
much lower abundance - both about 5$ in abundance. As might be
expected, the base peak of this complex is the molecular ion of the
ligand. As was mentioned above, spectra in which the molecular ion
of the ligand is the largest ligand fragment (and in this case
it is the most abundant fragment in the spectrum) are usually
poor in metal-containing fragment peaks. The largest ligand peak
in the anhydrous complex spectrum, this again being the base peak
of the spectrum, is at m/e 77* and peaks at m/e 79 and 107 are
both above 85$ in abundance.
4"
From ZnT^ only the anhydrous complex spectrum provided 
any evidence of a breakdown pattern, and this spectrum only 
showed the loss of a molecule of CO, a step supported by a
-120-
metastable peaki From this point the metal-containihg fragment 
disintegrates completely.
(vii) Comparison with the mass Spectra of the acetylacetonates.
Beryllium acetylacetonate, in common with the tropolonates, 
shows somewhat unusual breakdown characteristics, although many 
of the peaks in the acetylaoetonate spectrum were not identified 
as particular fragments. Ketene is lost from the molecular ion, 
yielding an ion of 5$ abundance, in spite of the presence of a free 
electron on the parent ion. Other compounds showing this behaviour 
are mainly complexes of multivalent metals such as cobalt, manganese, 
copper and iron. Although the. vanadyl complex and - surprisingly - 
the calcium complex show this effect, the zinc, aluminium and 
thorium complexes do not.
The fragments formed by the beryllium complex from Be(acac)^*1" 
are not identified, which is unfortunate as this is the region 
in which beryllium tropolonate and beryllium 4-methyl tropolonate 
produce abnormal breakdown patterns. The most abundant ion in the 
beryllium acetylacetonate spectrum is the fragment formed after 
elimination of CH^« from the molecular ion. In this fragment the 
free electron has been removed by a step which is prevalent in 
acetylaoetonate mass spectra.
36Macdonald and Shannon considered the loss of an even- 
electron ion, ketene, from the molecular ion of vanadyl 
acetylaoetonate to be unusual. They postulated a breakdown path 
involving the vanadyl V=0 bond in a McLafferty rearrangement, 
resulting in the elimination of ketene and a change in the oxidation 
state of the metal ion from 4+ to 5+. The loss of CO^ from the
tropolonate, too, almost certainly involves the vanadyl oxygen 
atom.
Of the fragments formed by the degradation of vanadyl
acetylaoetonate the only fragment reported in which vanadium has
a valency of 3+ is the VO ion* The first ligand to fragment yields
the more abundant fragment ions, but the second appears to form
as many breakdown fragments as the first. Although this behaviour
36
was not discussed in the paper , neither ligand molecule appears, 
from the line diagram, to give rise to an extensive breakdown 
pattern on fragmenting. No mention is made, either, of the formation 
of dimeric fragments or of vanadium, as distinct from vanadyl, 
fragments, both of which formed in the tropolonate complex 
breakdown.
Zinc acetylaoetonate breaks down in a manner which is
easily explained in terms of its invariable valency. The first
ligand molecule fragments further than the second, the ions formed
being of high abundance (20-80$), This behaviour is identical to
that of the 4-methyl tropolonate.
Thorium acetylaoetonate produces no polymeric ions, and
the most abundant peak in the spectrum corresponds to the Th(acac)^+
Ion, The only peaks formed which were assigned are Th(acac)^ ' (very
small), Th(acac)^+, Th(acac)2.0H+ , Th(acac),(0H)2+, ThO(acac)^+ ,
4* 4*
ThO.OH and Th . Analogues of most of these fragments are observed 
in the 4-methyl tropolonate breakdown pattern.
e. COMPARISON OP COMPLEXES OP THE TYPE M11^ .— ,  ---------------------
(i) Comparison of the tropolonates with the acetylacetonates*
A. Aluminium (III).
Although the mass spectra and comparisons between the
acetylaoetonate and the tropolonate were considered in the
preceding chapter, many important comparisons can be made with
the other trivalent metal complexes. Aluminium is the lightest
trivalent element to have a co-ordination number of 6. It is also
the only trivalent element considered which is amphoteric.
The cobalt (III), chromium (III), and aluminium (III)
acetylacetonates are isomorphous, but the aluminium complex is
the only one to have two crystalline forms. The ferric complex
has been studied using X-ray crystallography and the structure
has been found to be a regular octahedron.
79Some work has been reported concerning the stability 
of acetylacetonates at 191°C. The aluminium (III) and chromium (III) 
complexes were found to be stable for 50 hours at that temperature 
without appreciable decomposition, while the cobalt (III), manganese 
(III) and iron (III) complexes were among the least stable, 
decomposing markedly even after one hour.
B. Chromium (III).
Chemically this is an interesting ion as hydroxy complexes
are common, and are often difficult to avoid. The stability of 
3+
the Cr(H20)g ion renders the chromium (III) chemistry very 
complicated, and many complexes are formed only with difficulty.
Once formed, however, they are notably stable, as the thermal 
stability of the acetylaoetonate at 191°C. shows. Chromium can
exist in other oxidation states between -2 and +6, and it is one
of the most versatile elements considered.
The difficulty involved in preparing chromium (III)
complexes is amply demonstrated by the tropolonatesj all of these
preparations entailed refluxing the reactants together for an
hour or more. Further trouble was experienced in preparing the
3-phenyl tropolonate and the various aminotroponates, See the chapter
on the discussion of the preparative work. The acetylaoetonate is 
80
prepared by heating overnight on a steam bath an aqueous solution 
of chromic chloride* acetylacetone, and urea, the last of these 
being added to liberate ammonia slowly. The maroon complex is 
soluble in benzene, as are most acetylacetonates. The melting 
point of the acetylaoetonate is 2l6°C., in contrast to the 
tropolonate, which has no melting point to 320°^. Th©s© difsfer»©no©s 
are normal between tropolonates and aoetylaoetonates.
C. Iron (III).
As with chromium, iron can be found in oxidation states
' II
from -2 to +6. In both cases, too, the M T^ complex is unstable, 
being prone to oxidationj indeed, the chromous complex has not 
been reported although a ferrous complex the same colour as the 
ferric complex has.
The stability of ferric acetylaoetonate to heat is relatively
79
poor, but the complex can be prepared easily, in contrast with 
the chromic complex. The tropolonate is also prepared easily, 
although an excess of the ligand is required due to the preferential 
formation of charged, water-soluble ions. Ferric tropolonate 
has been found to be distorted due to the rigidity of the tropolone 
ligand. The acetylaoetonate has a regular octahedral structure and,
although the differences between acetylacetonates and tropolonates 
are usually explained by considering acetylacetone to be a much
81
bulkier ligand, the more pliable ligand was found to be planar 
in configuration. This seess to suggest that the ligand is leSs 
bulky in the complex form than would have beaa expected, and 
therefore shields the metal to a lesser extent. Nevertheless, the 
solubility of the acetylaoetonate in organic solvents remains 
unaffected.
D. Cobalt (III).
Unlike chromium and iron, this el orient is only found in
oxidation states -1 to +4. The 2+ state is the most stable and
cobalt (III)tropolonates must be prepared from the cobalt (II)
complexes by oxidation using hydrogen peroxide or air. The same
82process is normally adopted to prepare the acetylaoetonate .
73Once the complexes have been prepared they are kinetically inert ,
79
but are susceptible to thermal decomposition similarly to the 
ferric complex. The acetylaoetonate melts at 213°C., while the 
4-methyl tropolonate decomposes at 220°C. without melting.
Cobalt (III) complexes are similar in many ways to chromium (III) 
complexes but the former shows a greater affinity towards nitroger 
than oxygen as a donorj the ferric ion shows the reverse effect.
(ii) Mass spectrum of chromium (III) 4-methyl tropolonate.
The chromium complex, like the aluminium complex, can lose 
most of a ligand molecule in a single step. The fragments 
CrT.OH , Cr.OH and Cr(CO)^ are all formed by such steps. Chromic 
tropolonate also loses consecutive molecules of CO from the 
molecular ion, the breakdown pattern normally associated with
complexes of tropplones. The most common oxidation state for 
chromium during the fragmentation of the first two ligand
molecules is 3* but an oxidation state of two is more normal from
+ +
CrT-^  onwards, and in the fragment Cr(CO)^ the metal apparently
has an oxidation state of one.
The first ligand molecule is lost easily from the 
molecular ion to give the most abundant fragment CrT^ . Metastable 
peaks confirm that this fragment then decomposes by one of two 
paths, either by loss of two molecules of CO in succession, followed 
by the rest of the ligand, or by losing the whole ligand in one 
step. The fragment CrT.OH is also formed from CrT^ .
In addition to forming hydroxy or carbonyl fragments, 
the last ligand molecule can decompose by loss of CO, fo]lowed by 
further loss of CO. Loss of can also take place at this stage.
The ion formed then fragments by loss of C^H^ or C^H^ to yield the 
only chromium-containing fragments in which a hydrocarbon fragment 
is complexed.
A complete ligand molecule attached to a chromium atom is 
very stable, as can be seen from the low abundances of all ions 
except those where only complete ligand molecules are bonded to 
the chromium ion. The most abundant ligand fragment is that of 
m/e 77* but even this is only of 10$ abundancej this is indicative 
of the thermal stability of the complex.
(iii) The mass spectrum of iron (III) 4-methyl tropolonate.
In this spectrum, as in all the other trivalent metal 
complex spectra, the first ligand molecule is lost in toto,
4*
yielding the abundant ion FeT^ . This fragment then loses two
consecutive molecules of CO, whereupon the rest of the fragmenting
+
ligand molecule is ejected to give FeTj , the most abundant ion, 
in which the metal atom is divalent. This appears to be the most 
stable oxidation state of iron under these conditions as the last 
ligand proceeds to decompose in a comprehensive fashion along the 
same lines as the second ligand molecule lost by the thorium 
complex, or the last ligand molecule lost by the vanadyl complex. 
During this breakdown some fragments are formed in which the metal 
atom is monovalent. In some cases, also, two almost equivalent 
peaks one mass unit apart are present in the spectrum. These indicate 
the presence of iron in oxidation states of 1+ and 2+ in roughly 
equivalent proportions. This is similar to the behaviour of the 
cobaltic complex (see below).
The breakdown of the final ligand may follow one of two 
paths, both of which involve the initial loss of a molecule of 
CO. From there either CO or HgO is lost and the two fragments 
formed lose successive molecules of CgB^, allowing the paths to 
remain separate. None of these, fragments are greater than 4$ in 
abundance. There is no evidence for the loss of ketene as in the 
beryllium complex spectra, neither is there any indication that 
this occurs in any of the other complex spectra considered in this 
section. There is no evidence, either, for the formation of 
oxycomplexes, the only fragment having this form being Fe(OH)^ .
The largest ligand fragment has a m/e value of 79I this 
fragment has an abundance of 36$. The fragment of m/e 77 is of 
similar abundance.
(iv) The mass spectrum of cobalt (III) 4-methyl tropolonate.
The breakdown pattern of this complex is very similar to
that of the cobaltous complex, and indeed there is no peak
+corresponding to the molecular ion CoT^ * . Neither do any polymeric 
fragments, or in fact any fragments larger than CoT^ , form. The 
normal oxidation states of the metal atom in the fragment ions are 
2+ and 3+* but on reaching lower m/e values some fragments form 
in which the cobalt ion is in the 1+ oxidation state. This parallels 
the behaviour of the ferric complex, and again there are fragments 
for which two peaks are formed one mass unit apart according to 
whether the cobalt ion is in the 1+ or the 2+ state; the two peaks 
at m/e 137 and 138, involving a methyl cyclopentadienyl ligand, 
are of almost equal size.
The last ligand fragments to the greatest extent before
+ + 
being lost and the CoT^ fragment is more abundant than is CoT^ .
In these respects the complex is very similar to the chromic
complex. Since the fragment CoT^ has an abundance of 80/, there
is also a great similarity to the ferric complex spectrum, in
+ + _ .
which both FeT^ and FeT^ are greater than oOfo in abundance,
(v) The mass spectrum of aluminium (ill) 4-methyl tropolonate.
Although the complex, on fragmenting, either loses a
complete ligand molecule or retains only a hydroxy or carbonyl
fragment (see the previous chapter) it is not completely unlike
the other trivalent metal complexes considered. The chromic
complex also loses a complete ligand molecule, or the majority of
it, in one step. The latter can also break down by the more
normal loss of CO, however. The relative abundances of the major
+ ■ +
fragments, A1T_ ' and A1T_ are similar to the abundances of the
3 2
corresponding iron- and chromium-containing fragments. Due to the 
variable oxidation states of iron, cobalt and chromium, however, 
the peaks corresponding to MT^ in the different spectra are of 
greatly different abundances. The aluminium complex forms 
A1T.H+ in addition to A1T^+ *, but FeT^+ is the most abundant ion 
in the ferric complex spectrum, whereas each of the aluminium 
fragments formed has an abundance of only 3«5/*
(vi) Comparison with the mass spectra of the acetylacetonates.
Although the Al-0 bond is not as strong as the V-0 or 
Th-0 bonds, it is still quite stable due to the invariable 
valency and lightness of the metal. This does not seem sufficient 
in itself to explain the affinity for an OH fragment which makes 
this spectrum entirely different to those of the beryllium, 
thorium and vanadyl complexes. However, the acetylaoetonate complex 
shows a similar behaviour, in which peaks other than those due to 
fragments containing complete ligand molecules are of less than
0.5$ abundance. The only exception to this is a 4/ abundant fragment 
which corresponds to Al(acac).H , similar to the tropolonate
fragment, to remove the lone electron from the molecule, but the
+ ,
AIT^ * peak is itself only of 1% abundance. A peak does form
corresponding to Al_(acac)_+, in 10/ abundance; this is obviously
d ?
not formed by ion-molecule interactions and arises from the dimeric 
molecule AlgCacac)^, which must therefore exist in the vapour 
phase.
The chromic acetylaoetonate spectrum contains very few 
peaks; the Cr(acac)2+ ion is the most abundant. The most detailed 
breakdown pattern appears during the loss of the second ligand
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molecule, bub this behaviour is not discussed in the text.
A molecular ion of 18$ abundance is observed in the cobalt
•J.
(Ill) acetylaoetonate spectrum. The Co(acac)2 ion is the most
' +
abundant in this spectrum, but the Co(acac)^ ion has an abundance 
greater than 90$, as was observed in the cobalt (III) 4-methyl 
tropolonate spectrum. Only the final ligand fragmented to a great 
extent while complexed. Cobalt therefore seems to be most stable in 
the +1 and +2 oxidation states j this is again similar to the 4-methyl 
tropolonate breakdown characteristics. Differences were observed 
in the formation of the polymeric fragments Co^acap)^ and 
COg(acac)^+, as well as in the more detailed spectrum obtained 
from the cobaltic acetylaoetonate than that obtained from the 
cobaltous .compound - the opposite order to that found using 4-methyl 
tropolone as the ligand.
Polymeric fragments are observed in the spectra of ferric
36 12 12 
acetylaoetonate , tropolonate , and 3-bromotropolonate . They
also occur in the 4-methyl tropolonate spectrum in abundances of
less than 0.1$, the peaks being too small to be measured accurately.
+ +
In each case the fragments observed are Pe^T^ , Fe2T^ , and 
Fe T +2 5  #
The most abundant ion in the ferric acetylaoetonate 
spectrum is Fe(acac)2+, no other fragment having a similar 
abundance. The Fe(acac)^+ fragment, corresponding to the most 
abundant 4-methyl tropolonate peak, is only of 20$ abundance. None 
of the ligand molecules appear to fragment significantly while 
complexed.
64
Ferrocene forms an anomalous organic fragment due to 
reaction between the ligand molecules. The fragment consists of
two cyclopentadiene rings joined by a double bond. No unusual 
organic fragments are formed in the acetylaoetonate or 4-methyl 
tropolonate spectrum, but such fragments are detected in some copper 
complex spectra, and these are discussed in section b of this 
chapter.
-l4l-
f. COMPARISON OF COMPLEXES OF THE T7PE MIXT^.
(i) Comparison of the tropolonates with the acetylacetonates.
A. Cobalt (II).
Cobalt can exist in a range of oxidation states, from 
-1 to +4. Cobalt (II) complexes are normally octahedral, although 
they may be tetrahedral or square planar. Simple tropolonates of 
cobalt (II) polymerise and retain co-ordinated molecules of waters
took place, as was proven by addition of a sample of the complex 
to dioxan. Cobalt (II) 4-methyl tropolonate is insoluble in dioxan, 
but the cobalt (ill) complex dissolved, giving a green solution.
4-methyl tropolonate is soluble in benzene and chloroform, but
B. Nickel (II)
Nickel exists in oxidation states from -1 to +4. Nickel 
(II) compounds can have an octahedral, tetrahedral or square 
planar structure although the tropolonates are usually octahedral.
hydrate (NiTg.HgQ)^, but the 4-methyl tropolonate is shown by 
analysis to retain two molecules of water of crystallisation while 
the 3“Phenyl tropolonate is anhydrous. The acetylaoetonate is 
trimeric in solution, but the dipivaloylmethanate is monomeric,
square planar.
Nickel tropolonate is solqble in methanol and aqueous
On drying the 4-methyl tropolonate at 13?0°C., some oxidation
Drying at 100°C. was found to be safe, however. Cobalt (II)
has no melting point below 320°C*, decomposing at ^00°0
12
Post found that the tropolonate crystallises as a dimeric
73as is the acetylaoetonate in the vapour phase , in which it is
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ethanol, but not in benzene and only very sparingly in chloroform,
the opposite behaviour tn that of the copper (II) complex. Nickel
acetylaoetonate is dissociated by chloroform, pyridine, or heat. It
o 79
is very stable at 191 C.1 and is prepared analogously to the copper 
(II) and cobalt (II) complexes.
C. Manganese (II)
Manganese exists in a large number of oxidation states, 
from -3 to +7* but only manganese (II) tropolonates form easily.
The tropolonate is insoluble in most solvents, such as chloroform 
and ethanol, being polymeric. It is also anhydrous, an octahedral 
structure being achieved by bridging ligands or oxygen sharing.
The 4-methyl tropolonate has no melting point below 320°C., but 
decomposes at 305°C. It dissolves in dimethyl sulphoxide and 
pyridine, but not in tetrahydrofuran or chloroform.
Manganese (II) acetylacetonates are oxidised more easily 
than the tropolonates, and rigid exclusion of oxygen is necessary 
to prepare, for example, the dipivaloylmethanate. The 
acetylaoetonate is a tan, anhydrous polymer with no melting point 
to 360°C. It is soluble in pyridine and ethanol, although virtually 
insoluble in chloroform. These characteristics are therefore very 
similar to those of the tropolonates.
D. Copper (II).
Copper has a variable oxidation state but only between the 
limits +1 to +3 . It is therefore one of the least versatile of the 
metals considered here. The Cu-0 bond strength is one of the 
strongest M-0 bonds known, although not as strong as the vanadyl 
or thorium bonds to oxygen. Copper (II) tropolonates are square 
planar and form adducts with pyridine and other neutral ligands,
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although no isolation or study of these has been reported. The
tropolonates dissolve easily in chloroform and somewhat In benzene,
but only very sparingly in ethanol or methanol. The acetylaoetonate
is very similar; it dissolves in pyridine and solid, unstable
adducts have been isolated.
Copper (II) acetylaoetonate is one of the most stable 
o 79acetylacetonates at 191 C. , and the tropolonate is stable to 
300°C., whereupon it melts and decomposes.
(ii) Mass spectra of the nickel tropolonates.
The nickel (II) 4-methyl tropolonate spectrum is notable
for the large number of metastable peaks formed (eight), compared
with the number of metal-containing fragments (nine, including
the molecular ion). In contrast, the copper complex, which also
produces nine metal-containing fragments, yields only five metastable
peaks. Throughout the breakdown of the nickel complex there is no
loss of a molecule of H^O from the ligand, unlike in the copper and
vanadyl complex breakdown patterns. Neither does any carbonyl
fragment form corresponding to Cu(CO)1 . No uncommon fragmentation
paths exist for the complex; there is no evidence of elimination
of ketene or the major part of the ligand from the molecular ion or 
"I-
from NiT^ , although fewer fragments are observed in this spectrum
than in, for example, the spectrum of the ferric complex, those
observed are generally of much greater abundance - up to 75%*
as compared with the 4% abundance of most metal-containing peaks
in the ferric complex spectrum.
The most stable oxidation state of niokel in the mass
spectrometer is 1+; the fragment *CHO rather than CO is lost from 
II +
Ni T^ in order to regain the 1+ oxidation state. The step is
similar to that which takes place in the spectrum of the zinc 
complex, where »CH0 is lost to remove the lone electron, but
no such step occurs in most spectra.
The base peak in the spectrum is the molecular ion
NiTg+ *, {35% abundance) but the fragments NiT^ "** and NiCCgHg)^*
are of similar abundance.
The nickel complex would probably yield a more detailed 
spectrum if it were not a polymeric hydrate. The hydrate decomposes 
in the mass spectrometer, affecting the pressure. The hydrate of 
the zinc complex also provides a poorer spectrum than the anhydrous 
complex. However, the anhydrous complexes in both cases are 
polymeric compounds, which also yield poor spectra, as is seen from 
the spectrum of the manganous complex, an anhydrous polymer.
Nickel 2-aminotroponate and 2-mercaptotroponate, discussed later, 
are square planar, diamagnetic and monomeric, and they provide 
more detailed spectra.
Nickel 3-phenyl tropolonate provides little extra information
concerning the metal atom, although it does show some evidence for
the existence of fragments containing zerovalent nickel atoms. As
is usual in such cases, these fragments appear to be formed by
the loss of CO from a fragment containing a divalent nickel atom;
the n-bonding system of CO probably induces this change in oxidation
state, causing the M-0 bond to break heterolytically. The assignment
of the charge as 0+ rather than 2+ is justified by the behaviour of 
II +
the fragment Ni T^ . This fragment does not form as such, a 
proton being abstracted from the ligand fragment being lost, to
•j*
form NiTH , in which the nickel atom is monovalent.
(iii) The mass spectrum of cobalt (II) 4-imethvl tropolonate.
This spectrum is virtually identical to that of the
cobalt (III) complex except in that it is more detailed. The
largest ligand peak (35$ abundance) is at m/e 79j while the most
+.
abundant metal-containing ion is the CoT^ fragment, similarly 
to the copper, nickel and vanadyl complex spectra, although 
markedly different from the spectra of those complexes in which 
the metal ion has an invariable valency, such as beryllium and 
manganese, in which MT^ is the most abundant ion. Polymeric
fragments, namely COgT^ and Co^T^ , are detected byt are of low
abundance (less than 2$).
Although cobalt usually has an oxidation state of two in 
the mass spectrometer, some fragments exist in which the metal ion
is in an oxidation state of three (during the loss of the first
ligand) or one (during the loss of the second). This is analogous 
to the behaviour of the vanadyl, nickel and copper fragments. The 
second ligand molecule to be lost fragments the further of the two 
but the fragments so-formed are of low abundance. Loss of either 
HgO or CO can take place from ; two paths then arise with a 
difference of one carbon atom between them, similarly to the 
vanadyl complex breakdown pattern. The copper complex also loses
a molecule of water, but only from the molecular ion.
Comparison of the cobalt (II) and cobalt (ill) complexes.
There is no marked difference between the behaviour of
these complexes in the mass spectrometer, with the exception of
the peaks observed above CoT^ . The reason for this is found in 
the equivalence of the two ions Co^^Tg+ * and CoII:ET^+, formed by 
the two complexes. Nevertheless the conditions under which the
compounds vapourise and the susceptibility of each to thermal 
decomposition each cause differences in certain aspects of the 
spectra.. Only the cobaltous complex yields dimeric fragments, and 
the largest ligand peak in the spectrum of this complex is at 
m/e 79 (55$ abundance), while that of the cobaltic complex is 
the molecular ion of the ligand, at m/e 136j this ion is of 
30$ greater abundance than is the largest metal** containing fragment 
in the spectrum. This 3,ast point suggests that the cobaltic 
complex decomposes thermally, and this theory is upheld by the 
total lack of a peak corresponding to CoT^ *. The poorer quality of 
the spectrum obtained as a result explains the detail differences 
between the observed breakdown patterns of the two complexes.
(iv) Mass spectrum of manganese (II) 4-methyl tropolonate.
Manganese 4-methyl tropolonate afforded a rather poor
spectrum, in which there was no evidence of a charge variation
12
on the metal atom. The difficulty encountered in preparing the
manganese (III) complex may be explained by this behaviour, and the
invariable valency also explains the lack of any extensive breakdown
pattern during the loss of either ligand molecule. The aluminium
and zinc complex spectra are also poor in terms of the number of
fragments detected, although they are rather more informative than
the manganous complex spectrum.
The scarcity of peaks in this spectrum is partly due to
the polymeric nature of the complex, which is therefore of low
volatility, and very little of the sample ionises. Despite this,
4* +
however, the abundances of the MnT^ * and MnT^ ions are much 
greater than the largest ligand peak (35$ abundance) at m/e
107, showing that the complex is stable under the conditions used. 
The MnT^ fragment is the most abundant ion in the spectrum, 
similarly to the ferric complex, in which the ligand fragment 
of m/e 107 is also the largest ligand peak. The manganese complex 
does not provide the intricate breakdown pattern observed in the 
ferric complex, however.
(v) The mass spectra of the copper (II) tropolonates. 
The copper complexes have been discussed in detail in 
a separate section. The first ligand molecule, on breaking 
down, can lose a molecule of water, unlike the ligand in a nickel 
complex, but similar to the vanadyl complex breakdown pattern, in 
which the second ligand molecule fragments in this way. The vanadyl 
complex shows little similarity to the copper complex apart from
4.
this. It yields many more breakdown fragments between VOT^ and
4 .j,
VO , and less in the range VCT^ ' to VOT^ , than the corresponding 
copper-containing ions do. Indeed, the copper complex does not 
yield a wide range of breakdown fragments with either ligand, both 
breaking down in a similar manner. Both complexes do, however,
«f. -f.
form polymeric species of the form M T and M T  ■; in fact the
2 2 2 3 '
vanadyl complex provides a double set of polymeric fragments, 
forming (V0)gTg+, while also forming V^T^** and V^T^*.
More ions containing copper (I) than copper (II) are 
formed. The lone electron is absorbed initially by conversion of 
the metal from the 2+ to the 1+ oxidation state, and this result 
is very similar to that observed in the breakdown of the nickel 
complex; this latter complex is very similar to the copper 
complex in a number of ways, notably in the formation of M^~
containing fragments. The copper complex breakdown pattern is 
similar, also, in some respects, to the cobaltous complex (see 
above), the Of, 1+ and 2t oxidation states of the copper atom 
corresponding to the 1+, 2+ and 3+ states, respectively, on the 
cobalt atom.
(vi) Mass spectrum of zinc (II) 4-methyl tropolonate.
In the spectrum of this complex the first ligand molecule 
to be lost fragments further while complexed than in any other 
complex studied, yet with the exception of the manganous complex, 
the second ligand fragments to a lesser extent than in any other 
complex before being eliminated fully. The first of these two 
observations is due to elimination from the molecular ion of 
the lone electron in the form of *CHO. The reason for the easy 
elimination of the second ligand fragment is less obvious, but 
presumably the smaller ligand fragments are unable to remove the 
charge from the zinc ion, which cannot change its oxidation state, 
and the positive charge remaining on the ion is sufficient to 
fragment the molecule completely. The beryllium complex does not 
show this pattern of behaviour; the second ligand molecule is 
retained to low m/e values in spite of the positive charge on the 
molecule.
The zinc, vanadyl and beryllium complexes are discussed 
in detail in the section dealing with the complexes of metals 
with invariable valency.
g. 2-AMIN0TR0P0NES, 2-MERC APTQTROPQNE AND THEIR COMPLEXES.
1. The ligands,
(a) the 2-aminotropones.
There is very little difference between the mass spectra 
of the 2-aminotropones and the corresponding tropolones. Initial 
loss of CO is followed by the elimination of HCN, the fragment 
formed being identical to that produced by loss of two molecules 
of CO from the corresponding tropolone. A range of peaks is 
observed between m/e 105 and 108 in the 4-methyl 2-aminotropone 
spectrum. While the peaks at m/e 105 and 106 correspond to initial 
loss of CO from the molecular ion, those at m/e 107 and 108 
suggest elimination of HCN instead. The same effect is noticed 
in the spectra of 2-aminotropone and 25-phenyl aminotrop-2-one.
The picture is confused, however, by the easy protonation and 
deprotonation of these compounds in the mass spectrometer, which 
is recognised by the formation of groups of peaks at lower m/e 
values in place of the single peaks observed in tropolone spectra.
The molecular ion is usually more abundant in the 
tropolone than in the 2-aminotropone spectrum. This, with the 
correspondingly greater abundances of the peaks 27 mass units 
below the parent peak, supports the theory that HCN is lost before 
CO. Evidence also exists for the alternative loss of Ho0 or NR,
2 5
from the molecular ion, but HCN appears to be lost preferentially 
to the other three fragments. While these points are observed in 
both the 4-methyl 2-aminotropone and the 2*’aminotropone spectra, 
the 3“PHenyl aminotrop-2-one spectrum shows different characteristics. 
The molecular ion dominates the rest of the spectrum, unlike in
the phenyl tropolone spectrum in which four peaks, including the 
molecular ion, are of similar abundance. There is no evidence, 
either, for the loss of H^O or from the parent ion. The range 
of peaks formed by each fragment is broader, however, than is 
observed for the corresponding tropolone spectrum, in oommon with 
the spectra of the other 2-aminotropones considered.
(b) 2-mercaptotropone
The molecular ion is the most abundant ion in the 
spectrum, as in the tropolone spectrum. The preferred breakdown 
path involves the loss.of CS from the molecular ion, followed 
by loss of CO. Both steps are Confirmed by metastable peaks. Loss 
of CO from the molecular ion also occurs, followed by the loss of 
both steps again being supported by metastablc peaks; 
although CS may be lost instead of C^H^, no metastable peak confirms 
this alternative path.
A peak occurs at m/e 69 corresponding to loss of CS and 
C^H^ from the molecular ion, but as the first step entails the 
formation of a fragment analogous to that in the tropolone spectrum, 
and as the tropolone spectrum does not include a corresponding 
peak at m/e 69, this assignment is uncertain. The two fragments 
may be eliminated together, but no metastable peak fonns in 
support of either path.
The only other path by which the molecular ion can fragment 
is via the loss of SH, and this is unsupported by a metastable peak. 
A metastable peak does, however, confirm the loss of CO from the 
fragment so-formed, thus indirectly supporting the former step.
2. Complexes with chromium (III).
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The chromic 2-ominotroponates prepared are not true complexes 
of the MA_ form, but are instead hydroxy compounds which decompose 
thermally and provide poor mass spectra. The spectra obtained, 
however, showed the presence of CrA^ in the mass spectrometer, 
suggesting that the complex is polymeric in the solid form, 
although easily broken down by polar solvents. The CrA^ ion is 
of low abundance, less than 1% in the spectrum of the 4-methyl 
2-aminotroponate, but the largest metal-containing ion in this 
spectrum is only of 3$ abundancej this is CrA^ . The most abundant 
ion is the ligand ion of m/e 106, although the ligand parent is of 
% abundance. Despite the low abundances of the metal-containing 
ions a wide range of peaks forms for each fragment, partly due 
to the large number of isotopes of chromium but mainly because 
of the easy protonation and deprotonation of the ligand molecules.
In the 2-aminotroponate spectrum a peak corresponding to CrA^ , of 
Q.2.% abundance, formsj this is of similar abundance to that of the 
CrA^ fragment in this spectrum (0.3$).
Normally the only metal-containing fragments detected in
the mass spectrometer comprise only full ligand molecules bonded
to the metal atom. A surprising exception to this behaviour is
observed in the 3-phenyl aminotrop-2-onate spectrum, in which the 
+CrA^ ion has an abundance of ±±%°, this ion fragments by the loss of 
HCN, and then CO, before the rest of the fragmenting ligand is 
lost.
In all the chromium aminotroponate spectra the ratio of the
"j- •{•
CrA^ sCrAg abundances is between 1:4 and 1:5- The ratio is also 
constant for the tropolonate and 4-methyl tropolonate, although 
the ratio is 2:5* which is therefore in contrast with the behaviour
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of the 2-aminotroponate spectra.
5* Complexes with copper (II).
Copper 2-aminotroponate breaks down to form different 
fragments to those formed by the tropolonate. A molecule of H^O or 
CO is lost from the molecular ion* and a peak also exists 
corresponding to CuA.CN , apparently formed directly from the 
molecular ion. Instead of the formation of CuA^ , a protonated 
ion CuAH is produced, the metal atom in this fragment being 
monovalent. Prom this ion is lost a molecule of CHO or H^O, or 
alternatively a cyano compound CuCHCN)^ is formed by losing the 
major part of the ligand from CuAH .
Copper 4-methyl 2-aminotroponate breaks down similarly, 
both cyano-fragments forming and loss of H^O or CO taking place 
as the first stage in the breakdown of each ligand. No evidence 
is found in either spectrum for the initial elimination of the 
nitrogen atom from either ligand molecule. The affinity of the copper 
atom for nitrogen is noticeable as the copper complexes were the 
most easily-prepared of the 2-aminotroponates studied.
Copper 5-phenyl aminotrop-2-onate also breaks down 
similarly to the tropolonate, except in that no loss of CO occurs 
from the molecular ion, a whole ligand molecule or a molecule of 
H^O being eliminated preferentially. As in the other spectra
discussed the fragment CuA.CN is detected, although in this case
■4* +
Cu(CN)^ is not. The CuA^ fragment is protonated and from this may
be lost CHO or H^Oj HCN is then eliminated. There is again no
evidence for the elimination of the nitrogen atom before the
oxygen atom.
A poor spectrum is obtained from copper 2-mercaptotroponate, but 
this is not necessarily caused by thermal instability in the complex. 
Unlike the other spectra considered this spectrum includes a 
metastable peak corresponding to the concurrent loss of a molecule 
of CO from one ligand and the whole of the second ligand molecule. 
This suggests that the molecular ion is itself an unstable particle, 
like the uncharged complex molecule, under these conditions. 
Nevertheless the spectrum obtained did show that CO is lost initially 
rather than CS from each ligand molecule. No loss of H^O was 
observed from any fragment in the breakdown and neither were losses 
of CS or H^S. Although the copper containing fragments are of low 
abundance, fragments formed by the loss of these molecules should 
be detected if they form since fragments with abundances as low as 
0.5$ were detected with ease.
In addition to the instability of the copper complex the 
large abundances of interfering nickel-containing ions also 
affect the spectrum obtained. The largest nickel-containing fragment 
has an abundance of ^0%, compared with lk-% for the most abundant 
copper-containing ion. Nickel-containing impurities are formed by 
reaction of the corrosive free ligand with the nickel ion source.
Metal-metal exchange may also take place with molecules of the 
copper complex.
Copper 2-mercaptotroponate is much more susceptible to 
the formation of nickel-containing impurities in the mass spectrometer 
than are the tropolonates. Although such fragments are sometimes 
detected when obtaining the spectra of copper tropolonates under 
extreme conditions they are usually of very low abundance. The 
nickel complex was not, however, present as an impurity in the
copper complex, as a test using dimethyl glyoxime showed and 
observation of similar fragments in the vanadyl complex spectrum 
confirmed.
4. Complexes with nickel (II).
(a) Nickel 2-aminotroponate.
This is the only nickel complex to lose H^O from a full
ligand molecule. In common with the copper 2-aminotroponates, the
+ + protonated fragment NiAH ‘forms instead of NiA^ . This step is
supported by a metastable peak but the resulting fragment forms no
further breakdown products. The second ligand, therefore, yields
more information on breaking down than does the first. One major
difference between the breakdown paths of the copper and nickel
complexes is observed in the loss of HCN before CO, which is lost
second. There is no alternative breakdown path from the molecular
ion except by the loss of a proton-deficient ligand molecule,
forming NiAH+ *.
(b) Nickel 2-mercaptotroponate.
This complex provides a very much better spectrum than 
does the copper complex. Nickel 2-mercaptotroponate yields a 
very detailed breakdown pattern, with seventeen distinct fragments 
and eleven metastable peaks assigned. Despite the large number of 
fragments observed no loss of a molecule of H^O is observed at any 
stage of the breakdown, analogous to the nickel 4-methyl tropolonate 
behaviour but unlike the 2-aminotroponate breakdown pattern.
Apart from the usual fragmentation path involving loss of 
CO and CS, not necessarily in that order, carbonyl- or thiocarbonyl-
j.
containing fragments are formed. Although the fragment NiT(CO)^ is
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formed from NiT^ * there is no corresponding Ni(CO)^ fragment,
Ni(CS)^+ forming instead. A peak at m/e 259 corresponding to
NiT^CCS)^ is also observed, and a metastable peak confirms that
*f*this fragment forms from the molecular ion NiT^ *. The fragment 
NiT^CCS)^* has not been included in the breakdown pattern shown 
in Appendix 1, because this pattern is particularly complicated.
In the interest of clarity the fragment has been omitted from the 
diagram and mentioned in the text instead.
An ion of m/e 152- is formed from NiT^ by loss of a 
molecule of (m/ e There is no metastable peak to confirm
this path but the alternative stepwise loss of OH and is
■unlikely both because of the lack of evidence for the loss of OH 
or H^O from any fragment in the spectrum and because any such ion 
that formed would be expected to lose CS rather than C^Hg. A 
fragment formed by loss of CS and OH from NiT^ is not observed in 
the spectrum.
•j*
Loss of a sulphur atom can occur from NiT^ , but does not
do so in abundance. This breakdown is again unsupported by a
metastable peak. This step occurs in the vanadyl complex spectrum,
although a different mechanism is involved.
5* Vanadyl complexes.
(a) Vanadyl 5-phenyl aminotrop-2-onate.
This complex produces a very poor spectrum due to its
thermal decomposition in the mass spectrometer. The spectrum
reflects the difficulties involved in the preparation of the complex,
and the first ligand molecule may be lost by thermal decomposition
since no molecular ion formsj indeed, no fragments of higher
+
molecular weight than VOA^ are detected. Pour vanadyl fragments
+
other than VOA^ are observed, but none provide any information 
concerning the order of loss of the heteroatoms oxygen and 
nitrogen. For this reason the spectrum is of very limited use, 
but a comparison is possible between the 2-mercaptotroponate and the 
^-phenyl aminotrop-2-onate. Although both complexes decompose 
thermally under mass spectrometric conditions only the 
2-mercaptotroponate produces peaks corresponding to the copper and 
nickel complex spectra.
(b) Vanadyl 2-mercaptotroponate.
On losing an electron to form the molecular ion, vanadyl 
2-mercaptotroponate rearranges with the elimination of an atom of 
sulphur. This rearrangement involves the vanadyl oxygen atom and 
one ligand molecule, but it is not a McLafferty rearrangement. 
Vanadyl complexes are normally square pyramidal in configuration 
and, due to the rigidity of the ligand, this is the only possible 
structure for the 2-mercaptotroponate. The M-S or the S-C bond 
must break before any V-O-C link can form since the tropone ring 
is not in the plane of the V=0 bond; formation of a C-0 bond with 
the vanadyl oxygen atom therefore involves considerable deformation 
of the complex. A characteristic of the McLafferty rearrangement is 
the involvement of six atoms, making it necessary for the new bond 
to be formed in the inert 4-position on the 2-mercaptotropone ring. 
The rearrangement is very sensitive, also, to steric effects, which 
are unfavourable for this compound.
The actual mechanism for the rearrangement probably 
involves the lone electron on the molecular ion. Homolytic cleavage 
of the M-S bond occurs, introducing the lone electron into the 
n-bonding orbitals of the carbon ring. The 2-mercaptotropone ring
now has a restricted field of movement, being held by.only one 
bond, and now a six-membered transition state is possible, vizs-
Figure, 5~9»
This is still improbable, .however, since the sulphur atom 
interferes sterically, and the ligand molecule, after elimination of 
S, would be a ;5-hydroxytropone which cannot chelate as does 
tropolone, again for steric reasons. An alternative mechanism 
involves the reaxrtive 7~POSition, adjacent to the C=0 group on 
the ligand molecule, which can accept an electron from the vanadyl 
oxygen atom, a bond being formed and the lone electron being 
transferred bach to the vanadium atom, where it induces an increase 
or decrease in the oxidation state of the metal atom. This 
probably takes the form of a reduction in the valency of the metal 
atom to as the atom is now a vanadium, rather than a vanadyl, 
entity. The sulphur atom is lost and the fragmenting ligand molecule 
further breaks down by losing CO. This is followed by loss either
♦jr
of the remaining ligand fragment to give VT^ or of the organic 
skeleton of the fragmenting ligand, the oxygen atom being retained 
to reconvert the fragment into the vanadyl ion VOT^ « Metastable 
peaks exist to confirm both paths.
Peaks at m/e 107, 108 and 122 indicate that tropolone
is present in the spectrum of vanadyl 2-mercaptotroponate. Although 
a small peak is usually observed at m/e 122 in the spectrum of 
2-mercaptotropone the other two peaks do not form. Similarly, only 
a small peak at m/e 122 is observed in the copper and nickel 
2-mercaptotroponate spectra. This behaviour supports the theory 
that a tropolone molecule is formed by r earrang on ent as above.
This rearrangement does not occur exclusively; an 
alternative reaction involves the loss of CS from one ligand
4.
fragment, the ion formed then fragmenting to form VOT^ . The 
+
ion VTg also forms, possibly by an analogous rearrangement to that 
discussed in detail above, with the difference that 0 is lost 
rather than S from the molecular ion. Fragments of the form 
VTg and VT^ occur in the vanadyl tropolonate and 4-methyl 
tropolonate spectra, and these probably arise from the same 
rearrangement reaction.
An atom of sulphur can again be lost from the ion VOT^ , 
although as no free radical is present on the ion a hydrogen atom 
is usually lost also. The loss of hydrogen may be the first stage 
in the breakdown, thereupon a free radical is generated and a 
rearrangement takes place as above. Alternatively the radical may 
be formed by a change in the oxidation state of the metal atom 
and loss of SH* by elimination. No metastable peak supports this 
fragmentation. It is possible for 0 to be lost instead of S from
•j* 4
VOT1 , yielding in this case , and again this probably occurs 
in the tropolonate and 4-methyl tropolonate spectra also.
No loss of CS or CO is observed ffom VCT^+, unlike in the 
tropolonate spectra, and no evidence is observed for the loss of 
CO from the molecular ion. The ion VT^ loses CS and then fragments
completely, no further vanadium-containing fragments being detected. 
The 2-mercaptotroponate spectra obtained all contain peaks formed 
by reaction between the ion source and the free ligand. The spectrum 
of the vanadyl complex is a particular case in point; in this 
spectrum the peaks corresponding to the nickel- and copper- 
containing fragments are of up to 16/ abundance while the most 
abundant vanadium-containing fragment is at m/e l8l (13*3/ abundance). 
The most abundant ion in the -spectrum is of m/e 109, corresponding 
to the loss of CO from the molecular Jon. and this can be 
explained in terms of the breakdown characteristics of the copper 
and nickel complexes. This behaviour demonstrates the basic 
difference between the two ligands; 3“Phenyl aminotrop-2-one 
is not sufficiently acidic to dissolve in sodium hydroxide solution 
to any great extent, while 2-mercaptotropone is corrosively acidic.
CHAPTER 6.
INFRARED RESULTS.
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The results from the infrared spectra of the compounds 
studied in this thesis have been tabulated in Appendix 3 according 
to the wavenumbers of the peaks observed. Where possible peaks 
corresponding to similar stretching frequencies have been tabulated 
together, as have the spectra of compounds bearing a marked 
resemblance to each other. This facilitates comparison between 
similar compounds. The spectrum of 4-methyl tropolone has been 
partly analysed and the results, based on the papers of previous 
w o r k e r s ^ ' a s  well as on observations of peak shifts 
on complexing, or on comparing different ligands, are presented 
in a separate table in the same appendix.
In addition to listing the wavenumbers at which peaks 
occur, the table includes a classification of the peaks by a letter 
code according to their strengths and widths, the key to which is 
provided at the beginning of Appendix 3*
Although strong, well-formed peaks are produced, the 
infrared spectra of tropolones are usually not easily explained 
in terms of single bond stretches or deformations, but in terms 
of combinations of these. The observed combinations are caused by 
both resonance in the chelate ring and resonance in the carbon 
ring, particularly the former. It is not surprising therefore that 
some controversy has existed in the past over the assignment,
for example, of the carbonyl stretching frequency (see below).
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Koch a rather more cautious worker, was content to offer five 
peaks which he considered characteristic of the tropolone nucleus. 
These were the peaks at 1615, 1553, 1475, 1440 and 1225 crns."1,
the characteristic nature of which was confirmed independently
42 84 by other workers *
O H  STRETCHING FREQUENCY _
Due to the small weight of the hydrogen atom, very few 
stretching frequencies interfere with the 0-H stretching frequency 
found between JOOOcm ^ and 3600 cm \  a rather lower frequency 
than normal due to the occurrence of hydrogen bonding in the molecule. 
This supports the theory that tropolones exist in two tautomeric 
forms, which in turn explains the results observed in the carbonyl 
stretching frequency region of the spectrum.
p-diketones also exhibit a lower 0-H stretching 
frequency than normal, due to hydrogen bonding, but the frequency 
observed in these compounds is much lower still, being around 2700 
cm"*5- in the case of acetylacetone.
C-H STRETCH
This frequency is observed as a very weak peak around 
3000 cm ■*■, a behaviour characteristic of aromatic compounds. It 
is easily resolved in the spectra of the complexes, but in free 
tropolones the peak is usually combined with:the stronger 0-H 
stretching frequency.
C=0 STRETCH
Although this is always found combined with other
85 86
vibrations , notably the C=C stretching vibration, some 
frequencies have appreciable carbonyl character, as is evidenced 
by the shift of these peaks on complexing the tropolone with metals. 
This is particularly true of the peaks found near 1590 cm”'1' and
-163-
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1530 cm in the complex spectra. In many ways the results obtained
are similar to those reported for the acetylacetonates, in which
the ligand is also in tautomeric equilibrium. For this reason
62
many assignments made by Nakamoto are equally valid for the
tropolonate spectra. Nakamoto, on comparing different
acetylacetonates, found characteristic peaks near 1580 cm ^ and
1520 cm \  which he assigned by calculation to 0 * 0  stretch and
C*-v 0 stretch respectively, the chelate ring therefore being
involved in both vibrations. However, the opposite order has been
29 8*3 12
assigned by other workers to the tropolonates * , the peak
at 1580-1590 cm ^ being considered due to the 0=^0 stretching
frequency. If, as seems likely, these peaks correspond to those 
-1 -1
at 1610 cm and 1550 cm in the free ligand, then both absorptions 
are affected in the same manner by chelation, and both almost 
certainly have some C*=0 and some C=C character.
Other vibrations involving the oxygen atoms.
A peak observed near 785 cm”'*’ in the 4-methyl tropolone 
spectrum is shifted to 760 cm ^ in the spectra of the complexes, and 
this may correspond to an 0-H deformation frequency. This observation 
is not, however, supported by the spectra of the other ligands 
used; some of the earboxylic acids, for example, show no such
\
absorption, while 2-aminotropone does. The assignment of this peak 
is therefore tentative. It will be noticed, however, that these
peaks occur at almost exactly half the frequency of the peaks at
-1 -1155° cm (in the ligand) and 1520 cm (in the complex).
•iAn absorption at 1265 cm in the 4-methyl tropolone spectrum
-1 12 
shifts to 1235 cm in the complexes. This is considered to be
formed by a C-O-H vibration.
C~C stretching frequency.
Absorptions which have some C=C character are discussed 
above, the C=0 stretching frequency section. An absorption 
corresponding to a C-C stretching frequency is observed at 735 cm 
and the position of this peak is unaffected by complex formation.
A peak, probably an overtone of this frequency, is also observed, 
at about 1470 cm"*1 .
CH., vibrations.
-1
Peaks at 1043, 1540, and 1386 cms. appear in the 4-methyl 
tropolone spectrum but not in the tropolone spectrum, and these 
probably involve deformation of the methyl group in the 4-methyl
tropolone ring. The first of these shows no shift on complexing,
-1 -1but the peak at 1340 cm is moved by about 10 cm . The peak at
1386 cm ^ does not shift on complexing, and the only complexes of 
the 4-methyl tropolone carboxylic acids which show a peak in this 
position are those compounds in which a free methyl group is 
present on the ring,
C-H vibrations.
_  -l
The peak at 820 cm , whioh is unaffected by complex
85
formation, has been assigned as a C-H deformation; along with 
+1a peak at 1220 cm , which again shows no movement on complexing 
the ligand.
DISCUSSION.
17Muetterties et al have reported that polymeric complexes of
tropolone show a double absorption around 1590 cm \  due to the
C=0/C=C combination band. They suggested that this was due to
three-co-ordination of some oxygen atoms in the complex molecule,
these atoms acting as bridging ligands, and they further suggested
that the double peak could be diagnostic of polymeric lattices.
However, on considering the 4-methyl tropolonate spectra the
aluminium (III), chromic and ferric complexes all form double peaks
in this region while apparently being monomeric, and the vanadyl
complex, which is certainly polymeric, forms only one moderately
broad peak, which could admittedly consist of two combined peaks.
The anhydrous zinc complex and the manganese (II) complex - both
polymeric - both yield two absorptions, but the hydrated zinc
complex, apparently monomeric, also affords two peaks. It is, however,
III
noticeable that all the complexes of the type M T^ form double
12
peaks, as does the thorium complex. Post also observed double
peaks in the 4-methyl tropolonate spectra and he suggested that
this only nullified the theory as regards this ligand. However,
this is a rather facile explanation, as it ignores the fact that
the methyl group in the notoriously inert 4-position can have little
effect on the C=0 stretching frequency. The resulting molecule is
no longer symmetrical but neither is 5“bromotr0polone, with
12
which ligand no complex yielded a double peak . The Value of the
double peak as a diagnostic tool is therefore dubious.
The beryllium complexes provide completely different
spectra to the other complexes studied. The peak normally found 
-1
around 1590 cm remains in that position, but the peak usually 
found at 1520 cm \  and also thought to have some C=0 character is
in fact found at 1530-1540 cm \  In addition to this, both peaks 
are double in the 4-methyl tropolonato opoctrum* although they 
are single in the spectrum of the tropolonate. Rather perversely,
-1
the 3~phenyl tropolonate yields only one sharp peak around 1590 cm
while the lower-frequency peak is again found to be double. Double
peaks in this region are not encountered in the beryllium
acetylacetonate spectrum, although some complexes show a similar
behaviour to that of the beryllium 3“Phenyi tropolonate.
The other 3 “Phenyl tropolonates which were prepared
provide a single peak in the region of 1590 cm ^ and a single
peak around 1520 cm"’**', but a further peak is formed in all cases
at 1496 cm . In the beryllium complex spectrum this absorption
may be of much higher frequency, thereby confusing the spectrum.
The peak is found at 1479 cm in the spectrum of the free ligand.
The infrared spectrum of 2-aminotropone is similar in.
many respects to that of tropolone, although there are noticeable
differences. The N-H stretching frequency is 3370 cm *^. Ammonia
absorbs at a frequency of 34l4 cm ***. Prom these results it can
be seen that there is no lowering of the N-H stretching frequency
in 2-aminotropone corresponding to the lowered 0-H stretching
frequency of tbopolone. This confirms the suspicions, based on
the difficulty of preparing the 2-aminotroponates, and on the NMR
spectrum obtained for the ligand, that no hydrogen bonding occurs
between the nitrogen and the oxygen atoms.
Two peaks are formed in the infrared spectrum of groups
of the type AB^, these being formed by a symmetric and a degenerate
62deformation, the latter having the higher frequency. The glycine
-1 -1
spectrum provides peaks at 1585 cm and 1492 an , corresponding
to these deformations. The positions of the peaks in the 
2-aminotropone spectrum are 1598 cm ^ an$ i486 cm \  while in 
the case of 4-methyl 2-aminotropone they are at 1595 cnT^ and
1492 cm \  The corresponding peaks in the >*phenyl aminotrop-2-one
-1 -1
spectrum are at 1600 cm and 1491 cm . I n  all cases the peak
corresponding to that at 1546 cm 1 in the 4-methyl tropolonate
spectrum is at 1520 cm \  and this remains unchanged on
complexing the ligand.
Krueger^ found that the N-H bonds of an aromatic amino
are not in the plane of the ring. A strongly electron-withdrawing
substituent on the ring pulls the hydrogen atoms into the plane
of the ring, while electron-releasing substituents push them
outwards. This is particularly important in the present work
since it explains the difficulties encountered in preparing
complexes with the 2-aminotropones. This evidence confirms the
conclusion drawn above that hydrogen bonding does not take place;
it is unable to take place to any great extent and neither hydrogen
atom is therefore particularly acidic.
The V=0 stretching frequency is variable depending on
the charge on the metal, but it is always to be found between 
-1 -1
925 cm and 1025 cm . The results found for the vanadyl complexes 
prepared here are presented in tabular form and compared with the 
values for the acetylacetonate in chapter 4, "Discussion of the 
Preparative Work".
CHAPTER 7
• ULTRAVIOLET SPECTROSCOPY. 
NUCLEAR MAGNETIC RESONANCE
SPECTROMETRY.
a. ULTRAVIOLET SPECTROSCOPY.
Tropolones absorb radiation strongly around 220-250 mp, 
and between 320 mp and 370 mjj. These bands correspond to tt- ti*  
transitions in the ligand and they dominate the spectra of the 
complexes as well as those of the ligands. The usual effect of 
substitution is a simple shifting of the spectrum; the direction 
and extent of the shift is governed by the positions and inductive 
effects of the substituents. The peaks are usually intensified 
on complexing, and are shifted to longer wavelengths, as the 
tt-bonding system is extended. Often the fine structure in these 
areas is also lost, but this also occurs on changing the solvent.
Ultraviolet spectral analysis of tropolonates is complicated 
by their insolubility in those solvents which do not show extensive 
solvent effects. None of the complexes are soluble in cyclohexane 
or petroleum ether, and many are insoluble in benzene. The maxima 
and minima in the spectra that were obtained are presented in 
Appendix 3 in tabular form. Very little information concerning the 
structures of the complexes can be obtained from these spectra as the 
st ncturally-relevant d-d absorptions in the visible and near 
ultraviolet region are very weak and a tail from the peaks in the 
ultraviolet region of the spectra extends well into the visible 
region, obscuring the broad peaks in this region.
Copper 4-methyl tropolonate.
The ultraviolet/visible spectra of copper 4-methyl 
tropolonate in a wide range of solvents, including benzene, have 
been obtained. All square planar complexes interact weakly with 
the solvent, and adducts with copper acetylacetonates have been
r j  Jj 88
isolated using quinoline and pyridines , various substituted
acetylacetonates and different solvents being used. Acetates also
89
form pyridine-containing complexes of the type Cu(CH^CO^)gPy^ •
The stability of the adduct is inversely proportional to the strength
of the ligand. As the tropolonates are generally more stable than
acetylacetonates it follows that isolable adducts with tropolonates
cannot be formed. Copper tropolonate does, however, form adducts
90
in pyridine solution . Of all the solvents used benzene 
approximated most closely to a neutral solvent. The spectrum in 
dioxan most closely resembled the benzene solution spectrum; the 
other solutions all produced spectra intermediate between those 
of the benzene and pyridine solutions, with detail differences.
The extinction coefficients of the various peaks are tabulated in 
Appendix 3; these are of limited use since they are almost certainly 
concentration-dependent, as are the extinction coefficients of the 
peaks studied in the nickel 2-aminotroponate spectra.
Nickel 2-aminotroponate
The ultraviolet spectrum of this complex in chloroform
varies with the concentration of the solution. The main differences
observed on dilution involve the relative magnitudes of two peaks -
one at 395 and one at 440 mji. The former is the weaker, although
-4sharp, in a 1.5 x 10 molar solution. On dilution this absorption
becomes stronger and broader than previously. The peak at 440 mu,
however, becomes smaller and broader, and it is not observed at all
-5in the spectrum of a 1.5 x 10 molar solution. The former peak 
may occur due to the formation of an adduct in solution in 
equilibrium with the unreacted complex.
complex + solvent *--- - --- adduct
The equilibrium is displaced to the right by decreasing the 
molarity of the solution. At the same time the peak at 440 mn becomes 
smaller and is lost in the tail from the peak at 395 my as the 
concentration of the free complex is lowered.
Both peaks are observed in a 6 .7 x 10 M toluene solution. 
Solutions of the complex in benzene do not obey Beer’s Law exactly, 
the extinction coefficient of the 446 mji peak again becoming 
smaller on dilution, while the peak at 355 mu becomes more intense.
No change is observed in the intensity of the peak at 395 mp. The 
deviations from ideal behaviour in toluene solution are, however, 
comparatively small. See table 7-1.
Peak (mp) conc. 1.34 x l C f V conc. 1.68 x 10
446
4
1.47 x 10 1.31 x 10^
595
41.07 X 10 1.07 x 10^
555 1.25 x 10^ 1.43 x 10^
Table 7-1.
In common with the tropolonate spectra, the spectrum of 
nickel 2-aminotroponate is of little direct help in determining 
the structure of the complex. A tail stretches from the absorption 
maximum at 440 mji through the entire visible region, partly 
obscuring a weak, broad absorption which apparently reaches a peak 
in the region of 610 mu. No further peaks are observable in this
region. The observe dilution effect is, however, strongly 
indicative of a square planar oomnle^ similar to copper 4-methyl 
tropolonate. Neither a tetrahedral nor an octahedral complex is 
normally susceptible to adduct formation. This, coupled with the 
colour of the complex (deep red) and the N.M.R. results (see below) 
shows the complex to be square planar and therefore diamagnetic.
Nickel 2-mercaptotroponate.
29
Although this complex is soluble in toluene, is reported 
to be diamagnetic, and is deep red, in common with the 
2-aminotroponate, the ultraviolet spectra of the two complexes 
show little similarity in the visible region. Nickel 
2-mercaptotroponate absorbs light of a much higher wavelength 
and the solutions of this complex are purple rather than red. A 
change in solvent produces little change in th© epoohxnvm, an<i thox-q 
is little effect, also, on diluting the solution.
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b. NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY.
In Nuclear Magnetic Resonance spectroscopy protons are 
separated according to their bond strengths, which in turn depend 
on the position and type of any substituent on the ring and the 
number and acidity of protons on adjacent atoms. Neighbouring 
protons affect each other to a great extent and sufficient 
separation is possible to yield much information about the structure 
of unknown compounds. In the present work the spectra obtained 
have been used for the purposes of comparison, to find the effect 
of chelation on the hydrogen atoms on the tropolone ring, to 
investigate the acidity of the N-H bonds in 2-aminotropone, and to 
calculate the paramagnetic moment of nickel (II) 2-aminotroponate, 
as well as to characterise the compounds prepared.
In practice, Nuclear Magnetic Resonance spectroscopy has 
a number of disadvantages over other spectroscopic techniques.
The sample must be analysed as a solution and must be soluble 
in the chosen solvent to the extent of JO mg./ml.; tropolonates 
are not usually this soluble in any solvent. The solvent used is 
expensive, being necessarily a deuterated compound as tropolonates 
are insoluble in liquids such as carbon tetrachloride. The cost 
also rules out many potentially useful solvents due to their high 
hydrogen content; others are impractical due, for example, to 
volatility. For the analysis of tropolonates, deuteroform is 
particularly useful, being relatively inexpensive, a good solvent 
for the complexes, and suitable for use in the Nuclear Magnetic 
Resonance spectrometer. Solvent interactions, which render 
chloroform useless for ultraviolet spectroscopic analysis, are
■unimportant. The proton on the undeuterated chloroform, which is 
always present in the solvent as an impurity, resonates in the 
same region as the benzenoid protons of the tropolone ring, and 
so this peak must be taken into consideration when analysing the 
spectrum.
4-methyl tropolone.
The acidic proton of 4-methyl tropolone resonates at 
0.6Jt. The ring protons give rise to a range of peaks from 2.8t 
to 3»2t while the three methyl protons resonate at 7»51T• From 
this it can be seen that the four ring protons are benzenoid in 
character; they are also split in the ratio of 2:1:1, the first 
mentioned having the lowest t values. These correspond to the 
protons in the J and 7 positions of the tropolone ring - identical 
protons in tropolone but not in 4-methyl tropolone - and those in 
the 5" and the 6- position respectively. The last of these is 
easily recognised due to the formation of a quadruple peak, formed 
by the interaction of two non-identical protons in adjacent 
positions on the ring.
Zinc (II) 4-methyl tropolonate.
The chemical shift of the benzenoid protons on complexing 
is less with zinc than with aluminium. The peaks from the four 
protons are again observed in the ratio of 2:1:1, analogous to 
the spectrum of the ligand. The frequency for the three methyl 
protons, which are still equivalent, is shifted to 7.79t.
Further to these, however, a peak, shown by- the integration 
trace to correspond exactly to one proton, is found at 6.2t. As
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there are two ligand molecules in the complex the peak therefore 
corresponds to two extra protons, both equivalent, and these are 
present as a co-ordinated water molecule. This provides proof that 
the complex is entirely a 1:1 adduct with water, analogous to the
170
acetylacetonate previously reported.
Aluminium (III) 4-methyl tropolonate.
Three of the benzenoid protons on the ring are observed 
between 2.55t and 2.70t, rather lower than in the spectrum of 
the ligand, and these correspond to the protons in positions and
7# the reactive sites on the tropolone nucleus. The peak from the 
proton in position 6 is again split twice unsymmetrically to 
yield a quadruplet.
The acidic proton has been lost on complex formation but 
the chemical shift of the methyl protons remains unaffected by 
complexing with aluminium.
Beryllium (II) 4-methyl tropolonate.
The benzenoid protons are found further downfield than 
normal and are split in the ratio of 2:1:1, the same protons being 
found furthest downfield as in the other tropolonates. The methyl 
protons are also affected, being found further downfield than in 
the other complex spectra. This could be an effect of the strain 
imposed on the ligand by the chelating oxygen atoms, which adopt 
a tetrahedral configuration around the beryllium ion.
2-aminotropone.
This ligand does not form complexes easily, and neither do
the 4-methyl and 3~phenyl derivatives- The acidic nature of the 
amino protons is therefore of interest. The N-H frequencies were not 
separable at 60 mHz., a broad band forming from 2.5t to 4.3t.
Upon this was superimposed the spectrum of the ring protons. The 
spectrum obtained is shown in figure 7-2.
Formation of a broad band in the nuclear magnetic resonance 
spectrum is not uncharacteristic of amino groups but it does 
normally indicate a group in which the protons are strongly held.
It also shows that no hydrogen bonding takes place to the oxygen 
atom since two resonance peaks are then detected from the amino 
group, the two amino protons being in different environments.
Deuterium exchange was attempted by shaking the 
deuteroform solution with deuterium oxide, but no success was 
achieved. This result is again indicative of the unreactivity of 
the N-H bond.
DETERMINATION OF THE MAGNETIC SUSCEPTIBILITY OF NICKEL .
2 - AMINOTROPONATE.
Due to the field strength around a paramagnetic compound, 
adjacent molecules are affected as well as protons in the same 
molecule. The distances by which the proton resonance lines of a 
diamagnetic reference molecule are shifted depends on the concentration 
and strength of the paramagnetic substance. From the shift 
observed in such a spectrum the paramagnetic susceptibility of the 
compound under test can be determined. The use of t-butyl alcohol as 
an internal standard using aqueous solutions has been reported 
in detail, but tetramethylsilane was used here as it is a standard 
additive in nuclear magnetic resonance spectroscopic work. The
mass susceptibility* k , of the paramagnetic substance is given by 
the equation s-
3Af K°^ do~ds^
K =    +  Kc +   .
2iifm m
where Af » frequency shift of the standard line (cycles
per second).
f =  frequency in cycles/second at which the study
is being made*
m « mass of paramagnetic substance in 1 ml. of
solution.
kd es mas s susceptibility of the solvent, 
d^ as density of the solvent. 
dg « density of the solution.
For highly paramagnetic solutions the last term may be 
neglected.
A 0.16 molar aqueous solution of nickel chloride was used^ 
to measure k for this compound. With this solution results 
agreeing to within Vf> of those measured by conventional means 
were obtained. Low concentrations of solute were used to avoid 
unduly broadening the peak obtained. This limitation allows the 
method to be used for magnetic susceptibility measurements on 
tropolonates despite their low solubilities.
Using nickel 2-aminotroponate no splitting of the 
tetramethylsilane peak was 'observed, and no broadening of the 
peak took place 1 paramagnetic compounds broaden the peak in a 
characteristic manner. The complex is therefore diamagnetic and

NUCLEAR MAGNETIC RESONANCE SPECTRA OF THE 4-METHYL TROPOLONATES.
r
metal atom Benzenoid protons other Methyl protons
2.56, 2.59sh.
A1 2.66
2.96 to 3 .16. 
(four peaks).
. 2.77, 2.80
7.59
Zn 2.97, 3 .12, 
3.39
3.51 to 3.54 
(four peaks)
6.20 7.79
2.43 (double)
Be
2.53sh, 2.35  
2.61
2.79, 2.83, 
2.86, 2.96
2.69, 2.70sh
7.44
H
2.78
2.89, 2.97, 
3 .05, 3.18
O .63 7.63
— ---------
Table 7-3
The figures presented in table 7~3 are the 
positions in t of the peaks observedj the largest of the 
benzenoid peaks is underlined in each case. Shoulders are 
identified by the abbreviation sh.
consequently square planar. Tetrahedral and octahedral nickel 
complexes are paramagnetic, there being two unpaired electrons 
on the metal atom. Results from the ultraviolet spectra confirm these 
results.
CONCLUSION.
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The difficulty encountered in preparing
complexes v*ith 2-aminotropone produces a striking contrast
with the versatile tropolones and 2-mercaptotropone. Nuclear
magnetic resonance and infrared studies lend support to the 
8?
theory that the N-H bonds are at an angle to the plane of the 
ring, an angle increased by substituting electron-*r el easing 
groups on the ring. The mass spectra of the 2-aminotroponates 
prepared showed, however, that these complexes, once formed, 
are stable to heat and to conditions in the mass spectrometer.
The infrared spectra of the vanadyl complexes 
show that the position of the V=0 stretching frequency is 
dependent on the degree of polymerisation in the complex. In 
the mass spectrometer the vanadyl complexes appear to rearrange, 
and it is not certain which oxygen atoms are eliminated. This 
can only be ascertained by isotopic labelling techniques, 
which would prove unambiguously whether such a rearrangement 
occurs. The origin of the ion of m/e 44 could also be found from 
this work.
There is a marked similarity between the mass 
spectra of the tropolonates and the acetylacetonates, although 
a change of metal can produce a great change in the mass spectrum 
obtained. The complexes of metals with invariable valency 
yield markedly different breakdown patterns to those of the 
other complexes* Many of the metals having a variable valency 
do show a greater stability in one particular oxidation state, 
as is shown by the retention of one particular ligand fragment 
to low molecular weights.
Although 2-mercaptotropone is oxidised by air,
especially in solution, the copper and nickel complexes appear 
to be stable under normal conditions. The ligand is easily 
purified and stored in this form, and can be regenerated when 
needed* by treating the complex with hydrogen sulphide.
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APPENDIX
Only th-e metal-containing fragments -are included in the 
line diagrams of the complexes unless otherwise specified. The 
percentage abundances are correoted according to the most abundant 
ion overall unless otherwise stated; this ion may be a fragment 
not containing a metal ion, and as a result it may not be represented 
in the line diagram. In such cases either the ligand breakdown 
pattern has been included elsewhere in this appendix or the m/e 
value of the most abundant ion is given alongside the diagram. Ions 
such as those of m/e 17, 18, 28 and 44, arising from thermal 
decomposition (CO or CO^) or the presence of moisture or air, &re 
ignored in these calculations.
In many cases, In order to represent the peaks with 
accuracy, their percentage abundances have been multiplied by a 
factor of 10 or 100. Such peaks are bracketed together viz:-
but in some cases, as a result, a solitary peak between two such 
changes in scale is likely to be misread. In these cases clarification 
is usually attempted by insertion of the word "actual” above the 
peak or peaks concerned.
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APPENDIX
2-
In the tables of infrared spectra the observed peaksj '
have been tabulated according to their wavenumbers (in cm ^), 
along with their strengths and widths. As a result abbreviations 
have been necessary and the key to these is provided below--
sh shoulder (the word "sharp is written
vw very weak
w weak
w-m weak to moderate
m moderate
m-s moderate to strong
s strong
vs very strong
mod. br. moderately broad
mod. sharp moderately sharp
The peaks, shoulders and troughs of the spectra of the 
complexes chosen for ultraviolet spectral study are tabulated in 
this appendix. They are differentiated by letters in front of the 
measured wavelength (in mp). Thus the symbol P290 refers to a peak 
at 290 m|i. The abbreviations used are:- 
P peak
S shoulder
T trough
The number presented immediately below this figure is the
•3
molar extinction coefficient, divided by 10 for easy comparison.
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INFRARED SPECTRA OF THE LIGANDS.
3L 6-dicarboxy 
4-carboxymethyl 
tropolone.
3,6-dicarboxy 
4-methyl 
tropolone
3-carboxy
4- carboxymethyl 
tropolone
3220 m-s 3290 w-m 3270 s broad
2960 rn broad 2920 m v. broad 2970 m-s broad
2780 w broad 2700 sh
2590 vr broad 2610 w-m
2530 w
1712 s v. broad 1704 s 1738 s
1626 w 1683 s
1603 s I607 S 1595 S
1522 m 1523 m
1514 m-s 1514 sh
1491 m 1491 ra 1504 m-s
1475 sh 1480 w broad
1440 sh
l4l6 m-s 1420 m-s 1430 s
1384 sh 1378 m 1370 w-m
1350 sh
1300 sh 1321 m
1292 m-s
1272 s 1262 s 1258 m
TABLE 10-5 (cont. over).
INFRARED SPECTRA OF THE LIGANDS.
5/6-dicarboxy 
4 ~ c arb oxym ethyl 
tropolone
5,6-dicarboxy
4-methyl
tropolone
5“ car-boxy
4 - carboxym ethyl
tropolone
1255 w-m broad ' 1255 w-m
1212 w-m 1214 w-m
1200 m-s v broad * ■ 1179 m
1155 w 1156 sh 
1075 m
1059 m 1041 m-s sharp
952 m ‘ 965 m 946 vw
I 959 m
957 rn-s 917 w-m 911 w
895 sh 898 m 894 w broad 
885 m-s broad 
819 m-s sharp
782 w-m 775 sh
761 w-m 789 w-m 752 vw
755 m 725 w-m 720 sh
705 sh 719 sh 715 w
697 m-s 695 sh 
670 m
TABLE 10-5 (cont.)
-264-
INFRARED SPECTRA OF THE LIGANDS.
3-phenyl
aminotrop-2-one
6-carboxy
4-methyl
tropolone
3-carboxy
4-methyl 
tropolone
3380 w-m
2670-3880 m broad
3205 m 3170 m 3240 m-s
3110 w 2910 m-s 2905 m broad
1600 s 2590 m-s 2575 w broad
1563 w-m 2440 sh
1518 s (mod. br.) 1714 s 1719 s
1491 m 1603 s 1600 sh
1435 s broad 1596 s
1342 s mod. br. 1543 m
1301 w 1522 m 1534 m-s
1263 m-s 1479 m 1463 s
1226 m-s 1439 m
1202 w 1420 m-s 1418 m
1164 w-m 1382 w-m 1382 m-s
1143 w-m 13^8 w
1099 vw broad 1306 m 1287 m-s
TABLE 10-6 (cont, over.)
INFRARED SPECTRA OF THE LIGANDS.
3-phenyl
aminotrop-2-one
6-carboxy
4-methyl
tropolone
3-carboxy
4-methyl 
tropolone
1067 w 1259 m-s
1040 w 1216 s 1222 s
1019 w-m 1143 w
982 w 1118 w-m
961 w 1101 sh
919 m sharp 1058 m
908 w 1050 sh
883 m 1039 w-m
815 m sharp 973 w
762 m sharp 934 m broad 917 m
743 m-s 898 w-m
704 sh 877 m-s
698 s sharp
778 sh
821 m 
810 m
763 m 735 m 
703 sh
698 s 697 m-s
TABLE 10-6 (cont.)
-266-
INFRARED SPECTRA OF THE LIGANDS
2-meroaptotropone 2-aminotropone tropolon©
2500-3200 3370 m-s sharp
3240 w-m 3200 m mod. br.
3110 ta-s broad 3110 sh
2750 w v. broad 3010 sh
1588 w-m 1624 m 1620 m-s sharp
1573 m 1598 s 1567 m broad
1541 w
1519 m
double
1523 m
1521 s mod. br.
i486 w 1493 s mod. br.
1472 s 1478 s
1440 sh 1458 s 1442 m-s
1424 s
double
1412 s
1430 s 
1401 s
1424 m-s sh
1352 m 1355 w
1320 w 1311 w sh
1298 s sharp 1299 m sharp
1279 sh 1276 m 1261 s sharp
1259 s 1239 m-s 1243 m sharp
1220 m-s sharp 1221 m-s 1204 m-s
TABLE 10-7 (cont. over).
INFRARED SPECTRA OF THE LIGANDS.
2‘imercaptotropone 2-aminotropone tropolone
120^ w
1168 w broad 1168 w-m broad
1101 s sharp 
1037 w-m mod. br. 
1018 ra sharp 1017 w broad
1158 w-m broad
1002 w-m broad
978 w broad 974 sh
958 m-s 958 m
s001—1o\ 920 m
sK
\
0000 885 m sharp 879 w
8 64 w 862 vw
768 w-m mod. br. 782 m mod. br. 773 w
758 w-m
737 s sharp 747 m-s
723 m 721 s 719 m-s
698 m-s 
680 w broad 
672 w-m
TABLE 10-7 (cont.)
-268-
INFRARED SPECTRA. OF THE PURFURQG ALLINS
Purpurogallin 4-carboxy
purpurogallin
3-phenyl
tropolone
3485 m
3650-2600 
3490 sh
3380 s 3340 m-s 3110 s
2970 sh 3010 sh
1636 w
2890 sh 
2640 w broad 
1696 s mod. br. 
1639 w
1600 m 1610 m 1617 s sharp
1577 w-m 1579 w-m 1596 m
1493 m broad 1468 m-s
1554 s 
1479 s
1437 s 1440 w-m sharp
1425 sh 1419 w
1361 m 1366 s
1304 m-s 1302 m broad 1303 w-m
1282 sh 1292 w
1258 s broad 1262 sh 1269 m-s sharp
. 1236 s broad 1240 s
1214 w-m
TABLE 10-8 (cont. over)
INFRARED SPECTRA OP THE PURPUROGALLINS.
Purpurogallin 4-carboxy
purpurogallin
3-phenyl
tropolone
1200 m mod. br. 1195 m
1153 m sharp
1118 w 1119 w
1077 m 1062 w IO65 m
1047 w-m 1040 m mod. br.
1025 m 1022 w-m 
1005 vw 
996 w
971 w-m 980 vw 
921 m sharp 
877 m sharp
851 m-s sharp 843 w-m 856 w
8l6 s sharp 827 m sharp
806 w 804 sh 
796 m-s
-<! 00 O 3 772 w 761 s sharp
740 W 739 w-m 742 w
13 00 £ 708 w 713 m sharp 
698 s sharp
692 w-m 688 m sharp
TABLE 10-8 (cont.)
INFRARED SPECTRA OF THE BERYLLIUM COMPLEXES.
Tropolonate 4-methyl 
tropolonate
3-phenyl
tropolonate
3040 w 3005 vw broad 3070 vw
2990 w 2925 w
1588 s 1597 m-s 
1588 s sharp
1597 s sharp
1532 s sharp 1542 s 1520 w-m
1524 s 1520 w-m
1477 m 1476 w
1452 m-s 1451 m sharp
1433 s 1437 m-s 1425 m-s
1421 s broad 1420 sh 1419 m-s
1382 sh 1397 vs
1358 s broad 1375 m 1363 s sharp 
1348 w-m
1334 m 1339 w-m sharp 
1315 w 
1282 sh
1257 m sharp 1259 w-m 1278 w-m
1234 sh 1243 s 1241 sh
TABLE 10-9 (cont. over).
INFRARED SPECTRA OF THE BERYLLIUM fmMPT.ByES
Tropolonate 4-methyl
tropolonate
3-phenyl
tropolonate
1223 m-s sharp 1239 s sharp I236 m
1218 m-s sharp 1202 w-m
1162 w-m broad 1151 m-s 1156 w broad
1119 w 1138 sh 
1094 w
1118 w
1078 w 1078 w 1073 w
1040 w broad 1040 w broad 
1005 w-m 
1001 w sharp
968 s 960 s 974 w
951 w 919 w-rn 927 m
899 s broad 896 m broad 899 s broad
872 m-s 882 m
852 w sharp 
839 w-m
808 sh
COCVJ
CO
800 m 803 w
762 sh 762 m sharp
757 s 753 w-m sharp
74^ s 
682 m
741 m-s sharp 
735 m broad 
700 s sharp 
667 m-s sharp 
658 w
TABLE 10-9 (oont.)
- 272-
INFRARED SPECTRA OP THE 4-METHYL TROPOLONATES
A1T_
3
CrT_.
3
FeT_,
3025 w broad
2970 w broad 2940 w broad 2930 w broad
1598 sh 1593 m-s 1597 m
1584 s 1578 s 1579 s
1524 s 1518 s 1518 m-s mod. br.
1452 sh 1438 s 1461 sh
1456 s broad 1427 s 1427 s broad
1377 s 1363 s 1364 s
1538 m-s 1331 m
1266 w broad
1332 m
1240 s 1238 s 1239 m-s
II67 m-s 1157 m 1153 m-s
1039 w broad 1035 w-m broad 1032 w broad
961 w-m 958 w-m 962 w-m
927 w broad 926 w 930 w broad
813 m broad 8l4 sh
799 m broad 802 w-m
752 m-s mod. br. 759 w-m 750 sh
740 m 739 m
680 s 672 m-s
TABLE 10-10
-273-
INFRARED SPECTRA OP THE 4-METHYL TROPOLONATES
ThT^ w r 2 NiT2
3050 w broad
1597 m-s 1593 m-s 1601 s broad
1572 m
1504 s 1514 s 1520 s
1461 m l46l m sh 1477 m-s
1449 sh
1420 s broad 1438 s broad 1421 s
1380 s sharp 1372 sh
1367 s broad 1362 sh 1347 m
1338 *n 1335 m
1318 w-m 1278 w
1242 sh 1261 m 1253 w-m
1232 m-s 1234 s sharp 1239 s sharp
1142 m 1146 s 1155 w
1024 m 1030 w-m broad
954 m 959 m
5OJK
932 w
920 w-m 921 m-s 900 m sharp
813 sh 804 s 799 m
798 m 803 sh
753 w-m 758 w-m
733 m-s 741 m-s 
668 m mod. br.
740 m-s mod. br.
TABLE 10-11
INFRARED SPECTRA OP THE 4-MEHHYL TROPOLONATES
CoT2 CoT~
3 VOT2
2700-3600*
3350*m
2970 w 2995 w broad
1594 m 1587 m-s 1582 m-s broad
1583 m 1578 s
1516 s 1516 tti-s 1520 s
1482 w broad 1488 w-m
1434 s broad 1440 s 1445 s
1425 sh 1418 sh 1421 s
1390 sh 1387 m-s mod. br.
1378 sh
1363 m 1353 s mod. br. 1362 m
1324 s 1322 w-m 1319 m-s 
1300 
1266
1238 s 1233 s 1236 s
1153 m 1147 m-s 1148 m-s
1040 w broad 1028 w
961 w broad 958 w-m
957 s
922 w broad 926 sh
914 w broad
819 sh 823 sh
787 m 797 m mod. br. s
800
760 sh 779 m
736 m-s 735 m-s broad 740 w-m 
728 w-m
682 w-m 662 m-s
* This complex is a dihydrate.
TABLE 10-12
*■275*"
INFRARED SPECTRA OP THE 4-METHYL TROPOLONATES
ZnT2 ZnTg.HgO MnTg
3450*w broad 3300-2990 M“S
2980 w broad 2990 vw
1598 sh 1597 m-s 1599 m-s
1582 m 1583 sh 1581 s broad
1485 w-m 1485 w 1484 w-m
1457 m broad
1418 s 1426 s broad 1419 s
1598 sh 1385 sh 1397 w
1365 m-s 1373 m 1365 m
1322 s 1336 s 1326 s
1276 w 1262 w 127 2 w
1252 vw 1254 w
1231 m 1240 s 1236 s
U 5 3  w-m broad 1157 m 1148 m
IO36 w broad 1039 w broad
959 w 963 w-m 961 w-m
922 w 921 sh 922 w
912 w-m 915 sh
810 sh 8l8 w-m
786 w-m 799 m 793 m
761 sh 748 sh 762 w
732 m 739 m-s mod. br. 733 s
* O-H stretch caused by hydrolysis.
TABLE 10-13
-276-
INFRARED SPECTRA OP THE COPPER COMPLEXES 0? THE CAHBOXYLIC ACIDS.
3-carboxy
4-carboxymethyl
6-carboxy 
4-methyl
3-carboxy
4-methyl
tropolonate tropolonate tropolonate
3310 2700-3350 m 3700-3100 m
3265
3180 m v - bi,oad 32IO m
3340 m 
3205 m
2950 2940 m broad 
2620 w broad
1720 m-s 1638 m-s
- 1615 m
1597 sh 1590 s 1588 m-s
1579 CHS
1562 sh
1507 m 1482 sh 1504 m
1453 s broad 1468 sh 1504 m
1408 m-s mod. br. 1427 m mod. br. 
1397 w
1402 m-s
1378 s broad 1362 m mod. br. 1359 s
1350 sh 1328 sh
1318 w 1318 sh
1259 m 1274 w 1257 m-s
1246 s sbarp 1220 s 
1192 sh 
1159 m-s sharp 
1116 w broad
1241 s
1049 w broad 1041 w 
985 w 
940 m
1079 w.
781 m 787 w 772 m
758 w 763 w
725 w-m broad 716 w-m 
698 w-m
723 w-m
TABLE 10-14
■277“
INFRARED SPECTRA OF TOE THOPOLONATES
CuT2 CiT_
3
vor2
3020 vw 3040 w 
2920 w
1598 s 1584 m-s 1588 m-s 
1574 sh
1523 s sharp 1520 s sharp 1528 s
1480 w sharp 1477 w 1475 sh
1435 sh 1434 s
1420 s 1419 s 1419 m
1378 m sharp 1380 s sharp
1359 sh
1347 s 1355 s 1343 s 
1302 s 
1264 m
1253 w-m sharp 1254 m 1256 m
1241 w-m sharp
1228 s sharp 1221 m-s
1220 m sharp 1218 m-s sharp 1218 m-s 
1165 vw
1079 w broad 1079 w 1076 w 
1002 w
977 w-m 977 w-m 964 sh 
953 s
922 w-m sharp 933 w
880 m sharp 882 m 882 m sharp 
797 s broad
758 w sharp 788 w-m 760 w
737 s 741 m-s sharp 738 s mod. sharp
727 m 719 ni
715 m sharp 718 m 707 m
TABLE 10-15
INFRARED SPECTRA OF. THE 3-PHENYL TROPOLONATES
CuTg NiT2 V0Toc.
3^70 w mod. br. 3040 w 3060 w
1597 s 1582 m-s 1587 s ‘
1522 s 1510 s 1521 s
1496 m 1493 m 1498 w
1468 ©~s- 1464 m 1471 w-m -
1446 m • 1441 sh 1442 w-m
1423 s 1423 m 1420 m-s
1398 s broad 1402 m . 1396 m-s
. 1367 m 1378 w-m 1354 m
1346 sh
1334 s 1335 s 1339 m
1303 m mod. br. 1313 w
1276 m 1268 m mod. br. 1277 w-m
1232 s sharp 1221 s mod. br. 1226 m
1204 m ' 1204 in
1175 w
1156 w II58 w-m broad
TABLE 10-16 (cont. over).
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INFRARED SPECTRA OF THE 3-PHENYL TKOPOLONATES ........   ■■■!■ Il II »»■
M 2 NiT2 v o t2
1071 w-m 1072 w 1078 w
1028 w 10^3 m broad
1003 w 1002 w
971 w 974 w
961 s mod. br.
925 m sharp 923 m sharp 925 w-m
918 w-m
888 w
855 w
836 m sharp 829 s 837 m
807 w-m 804 w 806 w
761 m sharp 760 m 760 sh
7^3 s sharp 7^1 m-s 755 m-s
719 m 722 m 728 m-s
700 s sharp 699 s 700 s sharp
676 w 665 m
TABLE 10-16 (cont.)
-280'
INFRARED SPECTRA OF THE 2-AMIN0TR0P0NATES
C r A C u A N i A _
5 2 2
3315 sh 3370 m mod. sharp 3315 m mod. sharp
3260 m
3015 vw
2950 vw
1598 m 1600 m-s 1595 m sharp
1572 m mod. br. 1574 m 1567 m sharp
1519 s 1519 s 1522 s sharp 
1501 sh
1475 sh 1475 sh 1474 sh
1460 w-m 1458 s 
1437 s
1457 broad
1421 m-s mod. br. 1420 sh 1424 m-s
1403 m-s 1401 m 1401 m-s sharp
1338 m-s mod. br. 1338 s broad 1338 s mod. sharp
1299 w-m 1308 sh 1303 w-m sharp
1242 w 1243 w-m 1238 m sharp
1221 m-s sharp 1220 s sharp 1219 s sharp
1197 w broad 1200 m sharp
1156 vw sh 1061 w broad 1070 w broad
968 w 979 w 964 w
906 vw sh 905 w-m mod. br.
884 w sharp 886 w-m 886 m sharp 
851 w broad 
775 ra sharp
743 m broad s
00it
7^2 s double 
759
721 m 720 sh
709 w 703 w-m 701 w-m broad
TABLE 10-17
INFRARED SPECTRA OF THE 4-METHYL 2-AM3MXPROPONATES
CuA2 CrA2 LIGAND.
5310 sh
3450* w sh. 
3300-3400 m* 3380
3290 m 3295 s broad
1598 sh
3130 
1619 m
1584 s 1584 s sharp 1595 s
1519 s 1521 s 1520 m-s
1468 w-m 1473 m 1492
1447 w-m 1462 sh double m-s broad
1425 m-s 1428 m-s 1421 s broad
1400 s 1402 m-s 1377 m-s
1322 s 1323 s 1339 m-s
1310 m 1315 sh
1248 s sharp 1244 m
1281 m sharp 
1245 m-s
1206 w 1199 w
1197 w II63 w broad
1157 m-s II38 m 1122 w-m
1073 w-m mod. br. 1074 w
1025 w broad 1040 vw 104l w broad
961 m 961 m 956 w
900 m 903 w-m broad 900 m sharp
834 w broad 879 w
799 m-s mod. br. 799 m 800 s broad
772 w 770 sh 786 sh
753 w 759 w
723 vw 726 w 722 s
698 sh
* Complex analysed as a hydrate, and as a hydroxy 
compound.
TABLE 10-18
~282-
INFRARED SPECTRA OF THE 5-PHENYL AMINQTROP-2-ONATES
CuA2 CrA^ voa2
3560 w
3330 3330 m broad 3400 w-m
3285 m 3240 m
3005 w 3040 vw 3150 w
2920 vw
1605 m-s 1607 m-s 1607 s
- 1579 vw 1578 w
1554 w-m 1552 m 1561 w
1523 s 1525 s 1526 s double
1497 w 1495 w 1499 w-m
1473 w 1466 sh
1459 s 1444 s
1439 sh 1413 w
1402 sh 1398 sh
1381 s 1382 s 1359 w-m
1338 s 1339 s 1325 w broad
1284 w 1273 m
1236 m-s 1233 m 1237 m-s
TABLE 10-19 (cont. over)
INFRARED SPECTRA OF THE 3-PHENYL AMINQTROP-:
CuAp
X
CrA3 voa2
1225 m sh
1197 m 1190 w-m
1179 w 1174 w mod. br.
1158 w mod. br.
1078 w 1072 w-m broad 1079 w
1024 w-m 1032 w broad 1025 w
1002 w 1004 w broad
981 w 973 w broad 968 m-s broad
923 m-s sharp 928 m sharp 924 m sharp
880 m 866 w 894 w-m
84l w-m 839
821 w-m
799.w-m 803 w 802
757's 759 s 758 sh
721 m 720 m 724 m
708 sh
700 s 702 s 700 s sharp
672 w-m 668 w-m 675 w
TABLE 10-19 (cont.)
-san-
INFRARED SPECTRA OF THE 2 -MERCAPTQTROPONATES
CuT2 NiT2 vor2
1592 m 1583 m
3045 vw broad 
1616 m
1583 m-s
1520 w 1560 w 1549 s
1496 s 1498 s
1534 s 
1498 s
1475 s 1462 s 1466 m sharp
1468 sh 1458 sh
1435 sh 1423 s 1434 s broad
1419 s
double
1412 s 1419 sh
1373 m 1361 m-s 1385 s sharp
1261 m-s 1263 m-s
1343 m-s sharp 
1304 m
1261 m mod. br.
1239 m-s sharp
double
1260 m-s
1226 ra 1225 m-s 1221 m-s
1217 m 1217 m-s
IO85 s sharp 1080 s sharp
1202 sh 
1167 w 
1070 w-m
1042 w  broad
TABLE 10-20 (cont. over)
INFRARED SPECTRA OF THE 2-MERCAPTOTRQPQNATB5
Cul2 NiT2 V0T2
1018 w sharp
1006 s sharp 1008 sharp 1002 vw
983 w sharp 992 w
977 m-s
948 m 941 m sharp 951 e
938 sh 933 w-m
sharp
925 w-m
886 s sharp 884 m-s sharp 880 w-m sharp
874 w-m sharp 874 m sharp
862 w sharp 853 w 00 Ul 00 3
761 s sharp 757 s 779 s
755 m sharp 736 m
725 w-m mod. br. 720 w broad 721 sh
697 m-s sharp 704 w (-m)
688 w-m
679 m sharp 680 m
672 w-m sharp 662 w-m 668 m
TABLE 10-20 (cont.)
»-286rr
ASSIGNMENT OF THE INFRARED FREQUENCIES FOR 4-METHYL TROPQLONS
Frequency Assignment
5205 in mod. br. OH stretch
5120 sh C-H stretch
1608 s C 0 stretch
1546 m-s C C stretch
1478 s broad C-O-H stretch (?)
1453 s broad
1425 m sharp C-C stretch
1402 m
1386 m degenerate deformation CH^
1340 sh
1299 m sharp Symmetric deformation CH^
1265 s sharp C-O-H vibration
1218 m C-H deformation
1197 m broad
1140 sh
1043 w-m rocking rotation CH^
1005 w
953 m-s sharp
922 m sharp
894 w broad
819 m-s sharp C-H deformation
786 s 0-H deformation
735 m-s C-C stretch
TABLE 10-21
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ULTRAVIOLET SPECTRA OF THE 4-METHYL TROPOLONATES
Ferric Cobalt (III) Aluminium (ill)
S592 P625 (wide* broad)
1.13 1.31
P546 Tail from low P386
1.72 to 550 m . 14.9
T524 T382.1
1.54 13.5
P420 S38O P377♦5
8 .8 10.9 15.4
T388 P351 S371
6.2 15.1 13.3
P365 T303 T347V5 '
9.4 7.4 6.4
T ^ 7 P330.1
8 .6 21.3
P329 S32 6
10.4 19.7
T300 T288
12.2 2.88
All spectra were run in benzene solutions.
Table 10-23.
ULTRAVIOLET SPECTRA OF THE LIGANDS
2-mercaptotropone 4-methyl 
2-aminotropone
3-phenyl
aminotrop-2-one
3-phenyl
tropolone
S420 S407
1.04 1.1
P377 P391 P405 P373
3.57 8.5 13.5 5.59
T370 T36O T370 T370
3-39 4.29 5.55 5.54
P361 P336 P346 P360
6.25 9.38 9.40 5.78
T354 T288 T312 T349
6.07 0,65 2.35 5^ .54
P337 P274 P272 P330-3^5
6.63 6.71 14.2 5.61
S325 T271 T260 T303
6,. 25 6.24 13.5 4.31
T292 P263 P268
4.11 10.6
1
16.5
S268 T260 T267
7.32 9.9 16 ;1
TABLE 10-24 - (cont. over)
DLTRATIOIiEI1 SPECTRA OF TH E L I G A N D S
»ITCTiygJKSaMSggKS»^pa^ftMMWii<Ma5gn«»aBnwgiwi*«»ia»j»i«Jw<.i9uww
2-m ercapt otr opono
s»Wrnnrrt»WWi>WI 1^>JtWIMI»WMUIWWi>»^:jlT»a*"JIMIi'WliLl
4-methyl 
2-aminotropone
m’i»i»i n 1 "H>!irama'nuirwT.g.-^»rv^rurarrt.T'Kr*'
3 -phenyl 
aminotrop-2-one
3“phenyl 1 
tropolone
P230 P245 P242 S26l
28.6 ' 18.8 18.6
‘ S239-5 S230 P232
27*4 17.5 25.5
:
T215 T2l4 T223
6.00 11.8 24.8
S209 . S207 P205 S215
10*4 8.13 18.1 35.2
P211
I _____________
-
43.1
TABLE 10-24 (cont.)
ULTRAVIOLET SPECTRA OF THE 4 -METHYL TROPOLONESr-
4-methyl ' 
tropolone
3-carboxy, 4- 
c arb oxym ethyl 
tropolone
I
6-carboxy, 4- 
methyl 
tropolone
3,6-dicarboxy, 4- 
methyl 
tropolone
S270* P368 P376 S407
1 .8 6.39 6,39 1.08
T363 P979
6.33 5.59
P352* P355 1370
2.5 6.71 5.5^
T342* T335 T542 P36O
2.5 5.86 > 4 3 5.78
P325* P323 P329 T349
3.1 6.42 4.35 5.54
S311* • S311 T321 P390-9il-5
2.6 5.95 9.97 5.61
P917
4.08
S302 1303
9.22 4.31
T268* T282 T28l P268/232/211
0.32 1.87 1.66 16.5/25.5/43*1
S245 S258 T267/223
27.0 26.4 16.1/24.8
P239 P252 P251 S261/215
29.0 28.7 91.8 18.6/35*2
All spectra run in methanol, except for the spectrum of 4-methyl 
tropolone. The peaks asterisked* were measured in dioxan.
No 3~carhoxy 4-methyl tropolone was available for study.
Table 10-25.
The Ultraviolet Spectra of the 2~aminotroponates
• CrA_ 
3 CuA2 '
AH
P680 P715 P396
0.215 • 0.12 12-0
T675 T63O S388
0.19 0.092 io«o
S625 T382
0.30 9.7
S555 P376
0.46 10 .0
S420 S424 T361
11.0 11.0 7.9
P377 . P374 P338
22.0 37.0 15.0
S347 S34o S327
16.0 19.0 12.0
T297 T299 T282
8.8 7 .3 0.55
Table 10-26.
Ultraviolet spectra of copper (II) 4 -methyl tropolonate
in various solvents. Table 10-27
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Ultraviolet spectra of copper (II) 4-methyl tropolonate 
in various solvents, (cont.)
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Copper 3 -phenyl 
aminotrop-2-onate
Copper 2- 
mercaptotroponat e
Copper 4-methyl 
2-aminotroponate
Nickel 5-phenyl 
aminotrop-2-onate
P726 P796 P704
0.115 0.077 (0.106)
T640 T749 T651
0.08l O.O65 (0.075)
s 564 P445 S562
0.128 50.4 (0.11)
S452 S4l6 S420 P4l2
14.1 - 19.6 (11.8) 16.4
,P4oi S408 P585 S402
29.7 17.8 (30.3) 15-.5
S588 T574 8577 T577
28.2 15-5 (50.1) 11.1
■ S555 ■ P548 S527 P552
6.52 14.5 (6.65) 17.5
T522 T5 25 T505 T512
5.09 11.9 (5.^6) 6.06
The extinction coefficients presented, for copper 4-methyl
2-aminotroponate are low due to the insolubility (less than 
-4 N
1 . 2 7  x 10 M) of the complex in toluene, but are included 
as an indication of the relative peak heights in the spectrum.
Table 10-28.
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